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Introduction 
 
Plants and animals are very similar in the nature of their genetic material and in the 
mechanisms by which their genetic information is read and used. There are, however, 
few similarities between them on the level of the whole organism. In contrast to animals 
cells, all plant cells retain the potential for reproduction and the probability that any 
given cell will give rise to gametes is simple a function of its position within the 
organism (Fosket, 1994). 
The phylum of Angiosperms (literally translated ‘a seed born in a vessel’) is 
considered to be the most successful group of land plants, with over 250.000 species 
worldwide. Sexual reproduction in angiosperms consists of two alternating generations: 
the dominant sporophytic generation and a reduced gametophytic generation. The 
angiosperm flower can be seen as a reproductive shoot consisting of highly modified 
leaves from which the stamen and the pistil are responsible for the development of 
respectively the male gametophytes (pollen) and female gametophytes (embryo sacs). 
By some means (e.g. wind or an animal pollinator), the pollen is transferred to the stigma 
of the pistil (pollination), and a pollen tube, carrying two sperm cells, grows through the 
style down into the ovary and enters an ovule where the sperm cells are released from 
the tube tip and double fertilization will take place. One sperm cell will fuse with the egg 
cell forming the diploid zygote that will start the new sporophyte generation, whereas the 
second sperm cell will fuse with the polar cells forming the endosperm, which often 
serves as food storage organ for the embryo. 
Genetic variability appears to be favored in evolution, and is promoted by 
outbreeding due to the sexual reproduction between genetically dissimilar parents. In this 
regard, plants, with their fixed position, obviously encounter special problems with 
respect to the transport of the male gametes and the prevention of inbreeding. Although 
some plants, like tobacco (Nicotiana tabacum), are self-fertile, various mechanisms have 
evolved to prevent selfing. These include the so-called self-incompatibility mechanisms 
that are not only genetically important, but also are examples of self-recognition and 
cell-cell interactions in plant development. 
Equally important as the selection of compatible pollen, is the facilitation of pollen 
tube growth through the pistil to the ovary to ensure fertilization and the production of 
offspring. The growth of pollen tubes through the pistil offers unique opportunities to 
study the factors that mediate the interactions between these, in principle alien, cell 
types. 
 
 
The male gametophyte: from pollen to pollen tube 
 
The development of the male gametophyte, the pollen grain, takes place in the 
anther and involves a complex series of events. After pollen mother cell meiosis, each 
microspore undergoes an asymmetric mitosis to produce a bicellular pollen grain. 
Binucleate pollen grains consist of two cells: the generative cell which divides within the 
pollen tube to produce two sperm cells and the vegetative cell which is concerned with 
tube growth and its metabolism (Knox, 1984). In trinucleate pollen the generative cell 
divides into two sperm cells before anthesis. The synthesis of the pollen cell wall begins 
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after meiosis, and at maturity is composed of two layers, the outer layer, exine and the 
inner layer, intine. The exine contains sporophytically derived proteins synthesized and 
secreted during pollen maturation by a specialized tissue within the anther, the tapetum. 
During the final period of maturation in the anther, the pollen undergo rapid dehydration 
together with the anther tissues (Linskens, 1967). After shedding and deposition on a 
proper stigmatic surface, pollen become reactivated by rehydration and extrude tubes 
that carry the germ cells to the embryo sac. Pollen germination and pollen tube growth 
involve controlled and interactive biochemical, physiological and structural changes 
(reviewed in Mascarenhas, 1993). 
 
 
Pollen tube organization  
Insight into the close interaction between the growing pollen tube and the female 
sporophytic tissue requires understanding of the basic structure and composition of the 
pollen tube. Pollen tubes grow exclusively at the tip region of the tube and their entire 
organization is adapted to this type of growth. Angiosperm pollen tubes belong to the 
fastest growing plant cells, e.g. up to 160 µm/h in maize (Mascarenhas, 1993). This 
particular and fast growth through an alien environment relies on two basic units of the 
pollen tube: the metabolically active cytoplasm with its organelles and the cytoskeleton-
cell membrane-cell wall continuum.  
 
 
The pollen tube cytoplasm 
Although they are not universal characteristics of pollen tubes, four cytological or 
functional zones can be distinguished in the tubes of many species starting from the 
pollen tube apex (Cresti et al., 1977): (1) An apical zone populated by many vesicles; (2) 
a subapical zone rich in organelles, mainly Golgi bodies, mitochondria, and ER; (3) a 
nuclear zone, containing the generative cell and vegetative nucleus; and (4) a zone with 
large vacuoles and a thin layer of cortical cytoplasm, separated from the more apical part 
of the pollen tube by callose plugs. The polar organization of the cytoplasm reflects the 
unipolar growth of the pollen tubes, which is restricted to the very tip region (Derksen 
and Emons, 1990). Pollen tubes exhibit a vigorous cytoplasmic streaming, the so-called 
reversed fountain-like streaming, that usually appears as a central stream towards the tip 
and returns, without entering the tip, along the cortex (Iwanami, 1956). Organelle motion 
itself is highly individual and is driven over the actin cytoskeleton by myosin motors 
(Taylor and Hepler, 1997; de Win et al., 1999). 
It has been shown that the plasma membrane and the wall material needed for tube 
growth are provided by the fusion of secretory vesicles (SV) with the plasma membrane 
at the tip. However, only little direct information on both docking and fusion of SV in 
plant cells is available. It is suggested that pollen tube proteins that belong to the annexin 
family may be involved in the fusion of SV (Battey and Blackbourn, 1993). Since plant 
annexins require high Ca2+ concentrations for aggregation (Battey and Blackbourne, 
1993) it is speculated that fusion is directly related to Ca2+ import (Derksen et al., 1995a; 
Pierson et al., 1996; Malhó and Trewavas, 1996). Though driven by the cellular osmotic 
pressure (Benkert et al.,1997), cellular expansion and cell wall formation depend on the 
incorporation of SV in the tip (Rutten and Knuiman, 1993). The membrane of the 
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vesicles contributes to the extension of the plasma-membrane in the tip region (Steer and 
Steer, 1989). The excess membrane secreted is probably retrieved via endocytosis at the 
tip (Derksen et al., 1995b). 
The secreted products are initially synthesized in the ER, and then pass through the 
Golgi apparatus and travel either to the plasma membrane or to the vacuole. Each step is 
mediated by membrane vesicle fusion events. The Golgi apparatus of plant cells, also 
called Golgi bodies or dictyosomes, serves two major functions: it assembles and 
processes the oligosaccharide side chains of glycoproteins and proteoglycans, and it 
synthesizes the complex oligosaccharides of the cell wall matrix, such as pectins (Zhang 
and Staehelin, 1992; Driouich et al., 1993). The glycans of glycoproteins can be 
classified into two groups, N-linked glycans and O-linked glycans. Generally, O-linked 
glycans seem to confer mainly particular physiochemical properties on proteins, while 
N-linked glycans act as signals of cell surface recognition phenomena. The Golgi 
apparatus mediates the post-translational processing of N-linked and O-linked glycans 
chains attached to glycoproteins. The latter is an important component of the 
hydroxyproline-rich glycoproteins (HRGPs), the major class of cell wall proteins 
(Cassab and Varner, 1988; Moore et al., 1991).  
 
 
Pollen tube cytoskeleton 
The pollen tube cytoskeleton is a complex structure that primarily consists of actin 
filaments and microtubules (Pierson et al., 1986; Steer and Steer, 1989; Derksen et al., 
1995a). In plant cells actin is dynamic, undergoing polymerization into actin filaments 
and depolymerization into actin monomers (Hennessey et al., 1993). The reorganization 
of the actin cytoskeleton is tightly regulated by a spectrum of actin binding proteins 
(Pollard and Cooper, 1986). Since a correct formation of the actin filaments is essential 
for the cytoplasmic streaming that carries secretory vesicles to the growing tube tip 
(Pierson and Cresti, 1992; Derksen et al., 1995a), the role of actin binding proteins such 
as profilin is thought to be critical during pollen tube growth (Li et al., 1997). During 
tube elongation, actin filaments are axially oriented and extend over the whole tube 
length (Pierson et al., 1986; Lancelle and Hepler, 1992; Miller et al., 1996). Short, highly 
dynamic actin has been shown to be present at the tip (Fu et al., 2001).   
Microtubules, the second component of the pollen tube cytoskeleton, are made up 
of tubulins, and function through a variety of microtubule associated proteins (MAPs). In 
tobacco, mainly cortical bundles of microtubules are present in an axial to helical 
orientation (Derksen et al., 1985), while short microtubules are present in the apex of 
pollen tubes (Del Casino et al., 1993). The microtubules are proposed to be involved in 
the regulation of pollen tube morphogenesis and the maintenance of the internal 
cytoplasmic organization (Joos et al., 1994,1995; Derksen et al., 1995a), but not in active 
tube growth (Heslop-Harisson and Heslop-Harrison, 1988; Derksen et al., 1995a).  
Pollen tube microtubules also appear to establish physical connections with other 
cytoplasmic structures such as the plasma membrane, actin filaments and the ER to form 
a complex cortical network (Pierson et al., 1986; Lancelle et al., 1987). They also have 
been shown to regulate the position of the nucleus and generative cell in tobacco pollen 
tubes (Åström et al., 1995). A co-localization of actin filaments and microtubules was 
observed in the cortical region of pollen tubes (Pierson et al., 1989; Lancelle and Hepler, 
Chapter  
 14
1 
1991) suggesting that both cytoskeletal structures contribute to the organization of the 
cortical cytoplasm. In general, the dynamic linkage between the track-like cytoskeletal 
fibrils and the organelles to be moved is mediated by cytoskeletal motor proteins: 
myosin (an actin-filament-based motor), and maybe kinesin and dynein (microtubule 
based motors). Members of all three classes have been identified in the pollen tube 
system.  
In yeast and vertebrate cells, Rho GTPases establish cellular polarity and 
organization of the actin cytoskeleton. It is therefore reasonable to speculate that Rop 
(Rho-related GTPase from plants) located in the apical plasma membrane play a similar 
role in pollen tubes. Recent experimental data provided compelling evidence for a Rop-
dependent signaling network that controls polar growth in pollen tubes (Lin et al., 1996; 
Lin and Yang, 1997; Li et al., 1999; Kost et al., 1999), probably by modulating tip-
focused Ca2+ gradients and actin dynamics (Zheng and Yang, 2000). Fu et al. (2001) 
demonstrated the presence of a dynamic form of tip-localized F-actin in pollen tubes. 
They showed that the dynamics of tip actin organization are critical for the development 
of cell polarity and polar tip growth in pollen tubes, and provided direct evidence that 
these actin dynamics are regulated by Rop GTPase activity localized to the apex of the 
pollen tube plasma membrane (Fu et al., 2001). 
 
 
Pollen tube wall 
The pollen tube wall is normally observed to comprise two distinct layers, an outer 
fibrous layer (primary wall) and an inner more homogeneous and electron lucent layer 
(secondary wall, for reviews, see Heslop-Harrison 1987; Steer and Steer 1989; Derksen 
et al., 1995a; Taylor and Hepler, 1997). 
Pectins are polysaccharides consisting of α-1,4-linked galacturonate that form the 
major component of the primary cell wall. In the presence of Ca2+ these polysaccharides 
can form rigid insoluble gels. Methyl-esterification of pectins leads to esterified pectins 
that can not aggregate through Ca2+ binding and remain in a non-rigid form (Van Cutsem 
and Messiaen, 1994). Pectins are considered to play important roles in cell wall 
hydration, adhesion of adjacent cells, wall plasticity during growth, and recognition 
between plant cells and bacterial and fungal pathogens (Jarvis, 1984; Jarvis et al., 1988; 
Vian et al., 1992; McCann et al., 1992). The outer pectin coating extends over the full 
length of the pollen tube, and is the only layer that covers the tip region (Heslop-
Harrison, 1987). This pectin layer is expected to control the wall dynamics at the 
growing tip, as this region must be plastic enough to allow cell extension but strong 
enough to protect the cell against disruption due to hydrostatic pressure (Steer and Steer, 
1989; Carpita and Gibeaut, 1993). The finding of both unesterified- and methyl-
esterified pectin epitopes in the tip wall (Li et al., 1994) supports this hypothesis. The 
detection of esterified epitopes in dictysome derived vesicles suggests that pectins are 
polymerized and esterified within the Golgi complex and then transported and deposited 
at the growing wall by secretory vesicles (Li et al., 1994; Geitman et al., 1995). A 
progressive de-esterification catalyzed by pectin methyl-esterase (PME) takes place 
during pollen tube wall development, which leads to a more rigid form of pectins in the 
mature pollen tube wall after cross-linking by Ca2+ (Li et al., 1994).   
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The electron-lucent secondary wall, forming the inner layer that covers the tube, is 
mainly composed of callose. These polysaccharides have (1,3)-β-glucan backbones. 
Recent immunological studies showed that cellulose, having (1,4)-β-glucan backbones, 
co-locates with callose in the inner layer of the pollen tube wall, while both polymers 
appear to be absent from the outer, fibrillar layer (Ferguson et al., 1998). Neither 
cellulose nor callose can be detected in the SV. Callose is abundant in the plugs that 
cross the older portions of the pollen tube, and is evenly distributed through these 
structures, whereas cellulose is present towards the outer edge of the plugs (Kroh and 
Knuiman, 1982; Ferguson et al. 1998). Although the precise mechanism of the formation 
of callose plugs is not clear, involvement of membrane bound callose synthase enzyme 
activity as well as fusion of secretory vesicles at the site of callose plug formation are 
thought to be involved (van Amstel, 1994).  
The secondary wall supposedly is formed by enzyme complexes present in the SV 
derived plasma membrane. Recently, both a cellulose-synthase like gene and a glucan-
synthase-like gene have been shown to be expressed in N. alata pollen tubes (Doblin et 
al., 2001).  It is proposed that the former gene encodes the cellulose forming enzyme, 
(1,4)-β-glucan synthase, while the latter encodes the enzyme responsible for callose 
formation, (1,3)-β-glucan synthase (Doblin et al., 2001). 
Besides callose and cellulose, glycoproteins have also been reported in the 
secondary tube wall. It is likely that these proteins play an important role in pollen tube 
wall construction and thus pollen tube growth (Li et al., 1997). Examples of these 
glycoproteins are the pollen specific extensin-like protein (Pex1) of maize (Rubinstein et 
al., 1995), and the pollen-specific NTP303 glycoprotein of tobacco (Weterings et al., 
1992; Wittink et al., 2000). Chemical analyses indicated that pollen tube walls and 
membranes contain arabinogalactan proteins (AGPs, Rae et al., 1985; Schlüpman et al., 
1994). Immunological detection with antibodies directed against AGP epitopes revealed 
AGPs to be present in several regions of in vitro grown tobacco pollen tubes, including 
the plasma membrane and the pollen tube wall (Ferguson et al., 1999). Some antibodies 
detected AGPs in a periodic ring-like structure along the length of in vitro grown 
tobacco pollen tubes (Li et al., 1992; Li et al., 1995). Treatment of pollen tubes with 
Yariv reagent, which cross-links AGP molecules, showed to arrest the growth of lily and 
maize pollen tubes but not those of tobacco and Arabidopsis (Lord et al., 1996; Roy et 
al., 1998). It is suggested that a direct role for AGPs in tip growth is restricted to 
monocot pollen and pollen of primitive dicots (Lord et al., 1996; de Graaf, 2000). 
The plasma membrane of pollen tubes appears as a smooth continuous membrane 
underlying the cell wall. It probably contains ion-channels that regulate influxes for ions 
such as Ca2+ and K+ and pumps for the efflux of protons (Weisenseel and Jaffe, 1976; 
Kuhtreiber and Jaffe, 1990).  The presence of a tip-focussed Ca2+ gradient in the pollen 
tube apex (Pierson et al., 1994) suggests the calcium channels to be almost exclusively 
active in the tip region. A central role for Ca2+ in regulating pollen tube growth has been 
demonstrated. Alterations in the concentration of cytosolic free calcium results in 
changes in the rate, direction and inhibition of pollen tube growth (e.g. Malhó et al., 
1994; Malhó and Trewavas, 1996; Franklin-Tong, 1999). Since Ca2+ has many possible 
roles within the cell, including that of a second messenger for numerous signaling 
pathways (Trewavas and Malhó, 1997), and effects on the cytoskeleton (Derksen et al., 
1995a; Taylor and Hepler, 1997), the role of Ca2+ in pollen tube growth is very complex.  
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Several groups reported the existence of an acidic tube tip, and a pronounced tip-
to-base alkaline cytosolic pH gradient immediately behind the tip (Parton et al., 1997; 
Fricker et al., 1997; Messerli and Robinson, 1998). Although a function of the pH 
gradient in pollen tube growth has been suggested (Feijó et al., 1999), the exact 
relationship between cytosolic pH and tube growth remains to be elucidated. 
 
 
 
The in vivo pollen tube pathway: the pistil 
 
The pistil, the female reproductive organ of angiosperms, consists of three parts: 
the stigma, the style and the ovary. This organ is precisely adapted for its interactions 
with both the pollen grain and the pollen tube containing the male gametophyte. During 
development, the glandular stigma and style secrete components which provide a virtual 
“culture medium” for pollen germination and tube growth (Knox, 1984).  
 
 
The stigma  
The stigma is an adapted portion of the pistil modified for the reception and 
germination of pollen and the initial growth of pollen tubes. There are two types of 
stigmas, ‘dry’ type and ‘wet’ type.  In plants with ‘wet’ type stigmas the surface is 
covered with a sticky secretion, the exudate. The nature of this exudate appears to vary 
widely between different genera (Heslop-Harrison and Shivana, 1977; Knox, 1984).  In 
‘dry’ type stigmas such an exudate covering the stigma surface cannot be found. It has 
been suggested that during evolution of plants with dry stigmas the pollen coat assumed 
the role of the exudate of wet stigmas (Dickinson, 1995).  
The model plant used in this thesis, tobacco (Nicotiana tabacum), is a solanaceous 
species with a wet stigma. The tobacco stigma consists of a secretory zone, also called 
glandular zone, secreting the exudate, and a non-glandular region formed by vacuolated 
cells that are in continuity with the transmitting tissue of the style (Cresti et al., 1986). 
Histochemical and biochemical analyses have shown that the stigmatic exudate of 
tobacco is principally composed of lipids, phenols, proteins, glycoproteins and 
polysaccharides. The lipid fraction of the exudate contains many saturated and 
unsaturated fatty acids, which usually occur as triacylglycerides (Dumas, 1977; Cresti et 
al., 1986). It has been shown that the cis-unsaturated triacyglycerides are sufficient and 
essential for allowing enough pollen tubes to penetrate into the style to result in seed 
production (Wolters-Arts et al., 1998). Examples of proteins present in the tobacco 
exudate include a thaumatin-like glycoprotein (SE39b, Kuboyama, 1998) and a pollen 
allergen-like protein (PPAL; Pezzotti et al., 2001). Thaumatin-like proteins (TLPs) 
appear to be involved in a variety of biological processes as defense response, freezing 
tolerance, and osmotic adjustment (Singh et al., 1987; Malehorn et al., 1994; Hon et al., 
1995). PPAL shares homology to beta-expansins and is suggested to facilitate the 
penetration of pollen tubes through the stigma (Pezzotti et al., 2001).   
In general, it appears that the compounds present in the stigmatic exudate are 
involved in a variety of processes as pollen adhesion, pollen recognition, and water 
management for optimal pollen germination.  Although the stigmatic exudate forms a 
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potentially attractive substrate for fungi, bacteria and insects, it is very rare to observe an 
infected pistil, even in plants that are infected in other parts (Atkinson et al., 1994). This 
indicates that the exudate also contains defense-related compounds. 
 
 
The style 
In order to reach the ovary, the pollen tubes of many Angiosperms have to travel a 
long distance through the style. Based on morphological features styles can be classified 
as open, closed or semi-solid. In the open style type, characteristic of many 
monocotyledons such as Lilium, the pollen tubes grow through a mucilage-filled canal. 
Most of the dicotyledons, including the Solanaceae, have a closed style in which the 
pollen tubes grow through the transmitting tissue to the ovary. In these pistils the 
secretory zone of the stigma is continuous with the stylar transmitting tissue. The files of 
cells within closed styles are usually directly connected via plasmodesmata on their 
transverse walls while their longitudinal walls are separated by the intercellular matrix 
(IM) at maturity (Knox, 1984). 
The transmitting tissue cells are thought to provide a physical guidance cue for the 
pollen tubes to grow to the ovary (Knox, 1984) and secrete the mucilage present in the 
IM. Chemical analysis has shown that the IM contains a variety of macromolecules, 
including carbohydrates as free sugars or polysaccharides, free amino acids, proteins, 
glycoproteins, and proteoglycans, lipids and phenolic compounds (Knox, 1984). 
Generally, the components present in the IM are thought to function in pollen tube 
adhesion and guidance, pollen tube nutrition, pollen tube recognition and defense against 
invading pathogens (e.g. Clarke et al., 1979; Sanders and Lord, 1989; Cheung et al., 
1995; Cheung, 1996).  
 
 
Pollen tube nutrition 
Pollen of many species have the capacity to germinate and to grow a tube when 
placed in an optimized in vitro medium. Although the requirements for in vitro growth 
are highly variable, the presence of calcium, boron, and an osmoticum are necessary in 
most cases (Derksen et al., 1995a). Despite this capacity for in vitro growth, even in 
optimized liquid media the pollen tubes are not able to reach lengths they can achieve 
under in vivo conditions (Read et al., 1993). This discrepancy between in vitro and in 
vivo pollen tube growth indicates a strong contribution of the sporophytic pistil tissue to 
pollen tube growth. It was proposed that metabolic support for the growth of the pollen 
tubes through the style is initially provided by mobilization of storage materials in the 
pollen grain and subsequently by components of the IM (Rosen, 1971; Kroh et al., 
1971). This was supported by experiments that showed radiolabelled pistillate materials 
to be incorporated into elongating lily pollen tubes in vivo (Kroh et al., 1970; Labarca 
and Loewus, 1973). A depletion in the amount of reserves within the transmitting tissue 
by growing pollen tubes was furthermore shown in petunia (Herrero and Dickinson, 
1979). Together, these findings clearly indicate that pollen tube growth occurs at the 
expenses of the stylar reserves (Herrero and Hormaza, 1996). 
 Utilization of exogenous sugars by growing pollen tubes has been demonstrated 
for many species (Vasil, 1987; Ylstra et al., 1998). Besides these free sugars, also 
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glycosylated proteins are ideal candidates to provide nutritional support for growing 
pollen tubes. Several hydroxyproline-rich glycoproteins (HRGPs) from the Nicotiana 
stylar transmitting tissue have been characterized (see HRGPs section). A tobacco 
transmitting tissue specific HRGP, called TTS, has been shown to stimulate pollen tube 
growth in vitro (Cheung et al., 1995). It is thought that TTS proteins provide nutritional 
resources to growing pollen tubes, since pollen tube hydrolases are able to efficiently 
deglycosylate TTS proteins (Wu et al., 1995). This growth stimulating effect on in vitro 
growing pollen tubes has recently also been confirmed for the N. alata TTS homologue, 
NaTTS (Wu et al., 2000). The growth stimulating effect of TTS proteins was confirmed 
in vivo since transgenic tobacco plants with highly reduced levels of these glycoproteins 
showed reduced pollen tube growth rates (Cheung et al., 1995). 
These results prompted further studies to determine whether hydrolysis and 
subsequent utilization of peptide bound carbohydrate moieties present along the pollen 
tube growth pathway is a general phenomenon among angiosperms serving to support 
pollen tube metabolism. 
 
 
Pollen tube adhesion and guidance 
Pollen tubes have to accomplish a long journey before they can release the gametes 
in the embryo-sac. Successful pollen tubes penetrate the stigma, grow through the 
transmitting tissue of the style, and have to follow a rather complex way in the ovary 
before they can enter one of the embryo-sac synergids. But how are pollen tubes guided 
along this path? Two alternative hypotheses exist concerning pollen tube guidance 
(Heslop-Harrison, 1987; Lush, 1999). One is that pollen tube guidance completely 
depends on chemical attractions, and thus on chemotropic responses. The other 
hypothesis is that chemical cues guide the pollen tubes on the stigma and at the ovary, 
but the route through the style is predetermined by physical structures. The discrepancy 
between the two models lies in the guidance system in the transmitting tissue. However, 
it should be born in mind that chemical and mechanical guidance are not mutually 
exclusive. 
Strong evidence for mechanical stylar guidance, and against pre-existing pollen 
tube tropism, is provided by the observation that pollen tubes originating from grains 
that are placed in longitudinal slits within styles are as likely to grow towards the stigma 
as towards the ovary (Iwanami, 1959; Mulcahy and Mulcahy, 1987). Also experiments 
in which morphologically inverted grafts were inserted in the style of lily suggest that 
the route of tube growth is not polarized by a chemical gradient since the tubes traversed 
the grafts without hindrance and grew towards the ovary (Iwanami, 1959; Heslop-
Harrison, 1987). From these results it seems that the factor determining the direction of 
passage along the pathway seems to be simply the orientation of the tube tip when the 
transmitting tissue is entered (Heslop-Harrison, 1987). 
There are, however, experimental data that argue for the presence of a chemotropic 
response to the pollen tubes in the stylar transmitting tissue. Chemotropic effects of 
calcium, boron and glucose on pollen tube growth have been reported (Mascarenhas and 
Machlis, 1962; Robbertse et al., 1990; Reger et al., 1992a; Reger et al., 1992b), although 
it may be difficult to distinguish between a response exerted by a growth stimulant and a 
response exerted by an attractant (Lush, 1999). More recently, experiments with both the 
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tobacco and N. alata TTS proteins showed that these proteins have, apart from their 
growth stimulating activity, also properties to attract growing pollen tubes in a semi-in 
vivo culture system (Cheung et al., 1995; Wu et al., 2000). It is proposed that pollen 
tubes extend along an increasing glycosylation gradient of TTS proteins coincident with 
the direction of tube growth in vivo (Wu et al., 1995).   
Recently, Lord and co-workers demonstrated that a small stigma-style cysteine-
rich adhesin (SCA), that shares similarities to plant lipid transfer proteins (LTPs), in 
combination with a large pectic polysaccharide induces adhesion of pollen tubes to an 
artificial stylar matrix in vitro (Park et al., 2000; Lord, 2000; Mollet et al., 2000). Based 
on these results, a contact-stimulated guidance system was suggested that, analogous to 
neuron guidance (Hedgecock and Norris, 1997), would be a haptotactic rather than a 
chemotactic phenomenon since no chemical ionic gradient would be involved (Park et 
al., 2000; Lord, 2000). Since TTS proteins have been shown to adhere rather strongly to 
the pollen tube surface, both chemotactic and haptotactic mechanisms may contribute to 
their function (Wu et al., 1995; Lord, 2000). 
Suppression of a pollen-expressed receptor-like kinase (RLK) in petunia yielded 
aborted pollen (Lee et al., 1996). This result suggests a role for RLKs in interactions 
between developing pollen and sporophytic tissues of the anther. A role for RLKs as 
potential signal transduction components during pollen-pistil interactions has also been 
proposed. A pollen tube RLK from tomato is specifically dephosphorylated by the 
addition of tomato style extract (Muschietti et al., 1998). 
Pollen tubes not only interact with diploid sporophytic cells in the pistil and 
components produced by these cells, but also with the female gametophyte itself. It has 
been shown that pollen tubes are specifically attracted to the embryo sac of Torenia 
fournieri in vitro (Higashiyama et al., 1998). Studies on Arabidopsis mutants, in which 
the development of either the ovule or the female gametophyte was affected, also 
showed convincingly that the embryo sac plays an important role in pollen tube 
guidance, although the nature of this signal is still unclear (Hülskamp et al., 1995; 
Shimizu and Okada, 2000). 
Despite the accumulating information with respect to pollen-pistil interaction, a lot 
of work needs to be done in order to understand the dynamic interplay between pollen 
tube growth and guidance. 
 
 
Pistil defense systems  
The components of the IM that function in pollen tube growth also provide a 
potentially nutritious environment for microbial organisms. The structure that pistils 
have developed for their ability to support pollen tube growth makes these nutritional 
resources relatively easily accessible for these organisms. Despite these favorable 
conditions for pathogenic invasion, infections of the pistil are rare, even when other 
plant parts are infected (Jung, 1956; Atkinson et al., 1994). Therefore, it is not surprising 
that pathogenesis-related proteins (PR-proteins) are abundantly present in the stylar 
transmitting tissue and its IM (Gasser and Robinson-Beers, 1993).  
In fungi, wall extension is restricted to the hyphal tip and is thought to represent a 
delicate balance between synthesis and degradation of the main wall components, chitin 
and β-1,3-glucan (callose) (Bartnicki-Garcia, 1973; Gooday, 1978). Chitinase and β-1,3-
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glucanase are two PR-proteins that hydrolyze these two fungal wall components, thereby 
causing swelling and lysis of the hyphal tips (Mauch et al., 1988; Arlorio et al., 1992). 
Both hydrolytic enzymes are present in the stylar transmitting tissues of several 
Solanaceae (Wemmer et al., 1994; Sessa and Fluhr, 1995; Harikrishna et al., 1996), 
although tobacco appears not to contain a stylar chitinase. Apart from their role in plant 
defense, it is also thought that these enzymes could play a more direct role in the 
reproductive function of the style. For instance, β-1,3-glucanases are suggested to 
facilitate pollen germination and early pollen tube growth (Roggen and Stanley, 1969; 
Harikrishna et al., 1996). 
Several other PR-gene products involved in protecting the pistil against potential 
pathogens have been found in the pistil of Solanaceae. For example, the small basic and 
cysteine-rich thionin-like proteins in tobacco and petunia pistils (Gu et al., 1992; 
Karunanandaa et al., 1994), have been demonstrated to be toxic to bacterial and fungal 
phytopathogens. A tobacco thaumatin-like protein (TLP) has also been suggested to 
function in pistil defense (Malehorn et al., 1994; Kuboyama, 1998). 
Pistil glycoproteins belonging to the HRGP family, such as extensin-like proteins 
and AGPs, have been implicated to function in plant defense. Extensins are thought to 
strengthen the cell wall, thereby preventing fungal hyphal penetration, AGPs are 
suggested to exhibit microbial agglutinating activities (Leach et al., 1982; Mellon and 
Helgeson, 1982; Fincher et al., 1983; Showalter, 1993). 
In contrast to the PR-genes generally involved in plant defense responses, the pistil 
PR-like genes are not reported to be wound-inducible, supporting the idea of a pistil-
specific defense system (Kubo et al., 2000). 
 
 
 
Hydroxyproline-rich glycoproteins (HRGPs) 
 
Hydroxyproline-rich glycoproteins (HRGPs) are major components in the pollen 
tube growth pathway. Based on characteristics such as amino-acid sequence/composition 
and carbohydrate composition this protein family has been divided into distinct sub-
families including extensins, arabinogalactan proteins (AGPs), proline/hydroxyproline-
rich glycoproteins (P/HRGPs), and solanaceous lectins (Showalter, 1993; Sommer-
Knudsen et al., 1997; Cassab, 1998). These are not necessarily discrete classes of 
molecules but represent a family of glycoproteins and proteoglycans forming a 
continuum of diverse molecules ranging from basic, minimally glycosylated proteins 
(e.g. proline-rich proteins, PRPs) to acidic, highly glycosylated proteoglycans such as 
the AGPs (Kieliszewski et al., 1992; Kieliszewski and Lamport, 1994). However, many 
proteins belonging to this group of Hyp/Pro-rich molecules cannot be assigned to one 
class only, as they share motifs and properties usually attributed to one or more different 
classes (Kieliszewski and Lamport, 1994; Sommer-Knudsen et al., 1998a). As such, they 
may show functions and reactions to the environment characteristic of multiple classes 
of HRGPs. 
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Extensins 
Extensins are basic glycoproteins found in the cell walls of higher plants. They are 
usually rich in Hyp and Ser and some combination of Val, Tyr, Lys and His. 
Characteristically, extensins contain a high number of Ser-(Hyp)4 repeats or related 
sequences (Showalter, 1993; Cassab, 1998). The monosaccharide composition of 
extensins from flowering plants is typically rich in arabinose (90-97 mol%) with smaller 
amounts of galactose (3-7 mol%). The arabinose mainly occurs as Hyp-Ara1-4 and the 
galactose as Ser-Gal (Sommer-Knudsen et al., 1998a). In many cases extensins are 
recalcitrant to extraction, indicating that they are cross-linked into the wall. One of the 
proposed cross-linking mechanisms suggests that extensins are slowly insolubilized in 
the cell wall by isodityrosine linkages between two Tyr residues from different extensin 
molecules (Fry, 1986). To date, however, only intra-molecular isodityrosine linkages 
have been found in extensins (Epstein and Lamport, 1984). Inter-molecular cross-linking 
of extensins through isodityrosine linkages has only been demonstrated in vitro 
(Everdeen et al., 1988; van Huystee and Zheng, 1995). Another possible cross-link 
between extensin molecules could be derived from the peroxidation of extensins since 
these proteins are usually rich in amino acids (Val, Pro and Lys) that can be readily 
peroxidized (Varner, 1994). Covalent linkages between extensins and pectins have also 
been reported (Qi et al., 1995). It is likely that extensins, since they have a basic 
character, can also interact ionically with pectins through their positively charged lysine 
and protonated histidine residues and the negatively charged uronic acids of pectins. 
Such interactions could be regulated by changes in cell wall pH and Ca2+ concentration 
and thus alter the physiochemical properties of the wall (Showalter, 1993). 
Extensins are generally believed to function as structural proteins (Showalter, 
1993; Kieliszewski and Lamport, 1994). Synthesis of most, but not all, extensins can be 
induced by wounding, fungal attack, and treatment with elicitors (e.g. Showalter et al., 
1991; Ahn et al., 1996), which suggests a function in wound healing and plant defense. 
A highly cross-linked network of extensins might lead to a more impenetrable cell wall 
barrier for pathogens such as fungi (Showalter, 1993; Sommer-Knudsen et al., 1998a). 
Extensins have also been suggested to function as wall-to-membrane linkers and to 
interact with trans-membrane proteins, thereby stabilizing cortical microtubules (Akashi 
and Shibaoka, 1991). The variability observed in the amino acid compositions, motifs 
other than Ser-(Hyp)4, and in the arabinosylation profiles among the different extensins 
may be plant and tissue specific. In some cases, there are different extensins in the same 
tissue or cell type. This may mean that extensins can have different functions according 
to cell type, or even in the same cell type or tissue (Cassab, 1998). 
 
 
Arabinogalactan proteins (AGPs) 
Generally, AGPs are very soluble glycoproteins that are widely distributed 
throughout the plant kingdom and are detected in almost all tissues from higher plants. 
They are chemically stable, being resistant to high-temperature and cold-alkali treatment, 
as well as to proteolysis in their native state (Kreuger and van Holst, 1996; Cassab, 
1998). AGPs typically accommodate more than 90% carbohydrate by weight and have a 
core polypeptide that is usually rich in Hyp, Ser, Ala, and Thr (Clarke et al., 1979; 
Showalter, 1993). As in extensins, the carbohydrate side chains are primarily linked by 
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O-glycosylation to the OH-group of Hyp and Ser. The major sugar residues are 
arabinose and galactose. In many AGPs the majority of the carbohydrate moiety is 
composed of a 1,3-β-linked galactosyl backbone that is extensively branched with chains 
of 1,6-β-linked galactosyl residues substituted with 1,3-linked- and terminal-arabinosyl 
and other residues (Fincher et al., 1983; Gane et al., 1995). A characteristic feature for 
AGPs is that they can be specifically precipitated by the β-glucosyl Yariv reagent (Yariv 
et al., 1962), although the basis of this widely used diagnostic test is unknown. 
Based on their protein backbones AGPs can be classified as ‘classical’ or ‘non-
classical’ (Du et al., 1996a; Majewska-Sawka and Nothnagel, 2000). ‘Classical’ AGPs 
contain a hydrophobic transmembrane domain at their C-terminus that is replaced by a 
glycosylphosphatidylinositol (GPI) lipid anchor in the mature AGP. ‘Non-classical’ 
AGPs are devoid of this hydrophobic transmembrane domain and hence also of the GPI 
anchor, but instead have ‘atypical’ protein backbones such as a Cys-rich C-terminal 
domain or one or two Asn-rich domains that follow or enclose the Pro/Hyp,Ala,Ser,Thr-
rich domain (Du et al., 1996a; Majewska-Sawka and Nothnagel, 2000). 
Based on their predominantly extracellular location and their various biochemical 
and physical properties, AGPs have been proposed to act as glues, lubricants, and 
humectants. Roles in plant defense responses and protective functions through their 
water holding capacity have also been suggested (Fincher et al., 1983). More recent 
studies have indicated that some of these proteoglycans are involved in cell-cell 
communication and cell-matrix interactions during plant development, cell proliferation 
and somatic embryogenesis (e.g. Pennell et al., 1992; Serpe and Nothnagel, 1994; Du et 
al., 1996a; Kreuger and van Holst, 1996; McCabe et al., 1997). AGPs have been 
implicated also in plant cell expansion (Willats and Knox, 1996; Ding and Zhu, 1997) 
and programmed cell death (PCD) (Gao and Showalter, 1999). Although AGPs are 
proven to be involved in many important processes, neither the specific signal nor the 
receptor-response system has been identified. 
 
 
Solanaceous lectins 
Solanaceous lectins can be distinguished from other lectins by their restricted 
occurrence in solanaceous plants and their ability to agglutinate oligomers of N-
acetylglucosamine (Showalter, 1993). This class of HRGPs shows some resemblance to 
extensins as their carbohydrate composition and linkage profiles are similar. Also the 
fact that these lectins appear to be predominantly localized in the cell wall resembles the 
extensins. Potato tuber lectin (PTL), the best characterized solanaceous lectin, contains a 
non glycosylated Cys- and Gly-rich domain that is essential for the binding to N-
acetylglucosamine oligomers, and a highly glycosylated Hyp- and Ser-rich domain 
(Allen et al., 1978).   
No functional role for solanaceous lectins has been unequivocally established. It is 
thought, however, that their ability to bind sugars and their predominantly extracellular 
location are somehow related to their function. The ability of some lectins to bind to 
chitin suggests a role in defense, in which the lectin acts by binding to chitin present on 
the surface of pathogens (Millar et al., 1992; Showalter, 1993). Solanaceous lectins are 
also proposed to function in cell-cell interaction, sugar transport, stabilization of storage 
proteins, and control of cell division (Showalter, 1993; Sommer-Knudsen et al., 1998a). 
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Proline/Hydroxyproline-rich glycoproteins (P/HRGPs) 
This group includes glycoproteins that have a high content of Pro and Hyp, but do 
not have the characteristic features of extensins, AGPs or solanaceous lectins. The group 
of proline-rich proteins (PRPs), which is treated as an independent HRGP subfamily by 
some authors, is here considered as a member of the P/HRGPs. Although there is no 
consensus, most P/HRGPs contain variations on the sequence motif  ‘Pro-Pro-Xaa-Yaa-
Lys’ (reviewed in Sommer-Knudsen et al., 1998a). As much of the information on this 
group is derived from cDNA sequences there are few data on the glycosylation of the 
P/HRGPs. As in extensins, it appears that arabinose is the predominant monosaccharide 
followed by galactose. 
P/HRGPs presumably are cell wall proteins and the highly repetitive nature of 
some of the P/HRGPs suggests a structural role (Sommer-Knudsen et al., 1998a), but 
they seem to participate also in several aspects of development, such as xylem, nodule 
and pod differentiation (van de Wiel et al., 1990; Coupe et al., 1993; Loopstra and 
Sederoff, 1995). A number of P/HRGPs are expressed in response to wounding and 
bacterial, fungal, or viral infections (e.g. Chen and Varner, 1985; Benhamou et al., 
1990), which suggests a function in plant defense. This hypothesis is supported by the 
finding that some P/HRGPs are insolubilized in cell walls as quickly as 2-5 min after 
wounding or elicitor treatment. A peroxidase-mediated oxidative cross-linking reaction 
possibly strengthens the cell wall and hinders pathogen invasion (Bradley et al., 1992; 
Brisson et al., 1994). Some P/HRGPs are suggested to form strong complexes with plant 
cell wall polyphenols (Cassab, 1998). Agglutination due to interaction between the basic 
P/HRGPs and the negatively charged bacterial lipopolysaccharides (Mellon and 
Helgeson, 1982) could provide another mechanism by which P/HRGPs could function in 
defense against pathogenic attack. Consistent with this hypothesis, a P/HRGP from 
french bean has been reported to exhibit chitin binding activities and binds to hyphae of 
a pathogenic fungus of bean (Millar et al., 1992). 
 
 
HRGPs in the stylar transmitting tract 
It has been shown that tissues in the stigma, style and ovary from a number of 
angiosperms are rich in HRGPs (Clarke et al., 1979; Gleeson and Clarke, 1980; Gane et 
al., 1995) and they have also been found in stigmatic exudates (e.g. Clarke et al., 1979; 
Bacic et al., 1988). An example of a stigma specific AGP is RT35, encoded by AGPNa3, 
purified and characterized from Nicotiana alata (Du et al., 1996b). The putative mature 
polypeptide backbone contains a proline-rich N-terminal domain and a C-terminal 
domain harboring eight cysteine residues, which would classify this glycoprotein as a 
“non-classical” AGP (Du et al., 1996a; Du et al., 1996b). AGPNa3 mRNA accumulates 
at the highest level in mature pistils and is downregulated in response to pollination (Du 
et al., 1996b), suggesting a function related to the pollination process, for instance in 
serving as adhesives for pollen grain on the stigmatic surface. AGPs are also shown to be 
associated with the ovary of several species, particularly localized on the placenta 
surface and between the ovules (Gane et al., 1995). Although biochemical 
characterization and functional analysis of these AGPs have not yet been reported, AGPs 
may turn out to contribute to the guidance of pollen tubes into the ovules (Cheung and 
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Wu, 1999). Here, we will focus further on HRGPs that have been isolated and 
characterized from the stylar transmitting tract. 
The stylar HRGPs that are most exhaustively characterized, in particular in relation 
to their function, are the tobacco transmitting-tissue specific (TTS) glycoproteins. TTS 
proteins are encoded by two highly homologous genes, TTS-1 and TTS-2 (Cheung et al., 
1993). The mature proteins span a broad molecular-mass ranging from 45 to 105 kD, 
significantly higher than the deduced backbone molecular-mass of about 28 kD (Wang et 
al., 1993). The carbohydrate moiety of TTS predominantly consists of galactose (~70 
mol%) with smaller amounts of glucose (~17 mol%), galacturonic acid (~6.5 mol%), and 
arabinose (~6 mol%) (Cheung et al., 1995). Interestingly, neither galacturonic acid nor 
glucose are common components of plant glycoproteins (Sommer-Knudsen et al., 
1998b). Apart from being extensively post-translationally glycosylated with O-linked 
glyco-groups, TTS proteins also contain N-linked glycosyl chains (Wang et al., 1993).  
The deduced backbone of TTS proteins is chimeric as it contains a proline-rich N-
terminal domain and a non-proline-rich C-terminal domain with 6 cysteine residues 
(Cheung et al., 1993). TTS proteins react readily with β-glucosyl Yariv reagent (Cheung 
et al., 1995), do not contain a hydrophobic transmembrane domain, and contain an  
‘atypical’ protein backbone, and therefore they can be regarded as ‘non-classical’ AGPs. 
Immunolocalizations showed that TTS proteins are predominantly located in the IM of 
the stylar transmitting tissue (Wang et al., 1993). A range of functions has been proposed 
for the TTS proteins. In vitro pollen tube growth assays revealed that these proteins 
promote pollen tube elongation (Cheung et al., 1995). Analysis of transgenic tobacco 
plants that have significantly reduced levels of TTS proteins confirmed the pollen tube 
stimulating effect of these glycoproteins in vivo (Cheung et al., 1995). TTS proteins are 
deglycosylated by pollen tube-bound hydrolyzing enzymes, suggesting that these 
glycoproteins provide nutrient resources during pollen tube growth (Wu et al., 1995). 
The TTS proteins have also been shown to attract pollen tubes grown in a semi-in vivo 
pollen tube culture system (Cheung et al., 1995). The gradient of increasing sugar 
content associated with TTS proteins in the IM, going from the apical to the basal end of 
the style, could exert a chemotropic effect on growing pollen tubes (Wu et al., 1995; 
Cheung and Wu, 1999). Recently, the Nicotiana alata homologue of tobacco TTS, 
NaTTS, has also been shown to stimulate pollen tube elongation in vitro and to attract 
pollen tubes in a semi-in vivo pollen tube culture system (Wu et al., 2000).  
Another stylar transmitting tract HRGP is the galactose-rich style glycoprotein 
(GaRSGP) isolated and characterized in N. alata and encoded by the NaPRP4 gene 
(Chen et al., 1993; Sommer-Knudsen et al., 1996). Originally it was thought that 
GaRSGP represented the N. alata homologue of tobacco TTS, since the cDNAs 
encoding the backbones of TTS and GaRSGP are 97% identical (Sommer-Knudsen et 
al., 1996). In contrast to TTS and NaTTS, in vitro experiments showed no evidence for 
stimulation of pollen tube growth and attractance for pollen tubes (Sommer-Knudsen et 
al., 1998b). Apart from their sequence homology there are striking differences between 
GaRSGP and TTS / NaTTS that could possibly account for the differences found in the 
functional assays. While TTS / NaTTS proteins are predominantly located in the IM, 
GaRSGP is associated with the cell wall of the transmitting tract cells (Sommer-Knudsen 
et al., 1996). Also, the carbohydrate composition of GaRSGP is significantly different 
from at least that of tobacco TTS, since glucose and galacturonic acid are absent in the 
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former HRGP (Sommer-Knudsen et al., 1998b). In contrast to TTS, GaRSGP has been 
reported not to be deglycosylated by pollen tube bound enzymes, and there is also no 
evidence for a gradient of increasing glycosylation within the style (Sommer-Knudsen et 
al., 1998b). It is suggested that the strategy used to purify GaRSGP only recovered a less 
glycosylated sub-population of the entire spectrum of N.alata TTS proteins, more tightly 
bound to the extracellular matrix (Wu et al., 2000). Whatever may cause the functional 
differences found between GaRSGP and TTS / NaTTS, it clearly shows that the 
assignment of functions from one protein to another similar, homologous protein, should 
be done with great caution (de Graaf, 2000). 
The 120-kD glycoprotein encoded by the NaPRP5 gene is another N. alata stylar 
transmitting tract HRGP (Lind et al., 1994; Schultz et al., 1997). As for TTS and 
GaRSGP, also the deduced peptide backbone of this HRGP is chimeric as it contains a 
proline-rich N-terminal domain and a non proline-rich C-terminal domain with 6 
cysteine residues (Schultz et al., 1997). The 120-kD glycoprotein is reported to contain 
extensin-like and AGP-like properties, the carbohydrate moiety for instance contains 
linkage patterns typical for both HRGP classes (Lind et al., 1994). This glycoprotein is 
located in the IM of the stylar transmitting tract, and is, in contrast to GaRSGP, not 
associated with the walls of the transmitting tract cells. In pollinated pistils the 120-kD 
glycoprotein is not only found in the pollen tube cell walls, but also in the cytoplasm of 
pollen tubes. The same localization was found in pollen tubes cultured in growth 
medium supplemented with the 120-kD glycoprotein. These results suggest that this 
HRGP is taken up by the elongating pollen tubes, however its function is not known 
(Lind et al., 1994; Lind et al., 1996).  
In tobacco, two partial cDNA clones (MG08 and MG09) were identified that 
encode for class II pistil-specific extensin-like proteins (PELPII) (Goldman et al., 1992). 
The high homology between the PELPII clones and the NaPRP5 clone encoding the 
120-kD glycoprotein suggests that PELPII might represent the tobacco homologue of the 
N. alata 120-kD glycoprotein. PELPII transcript levels reach their highest levels at stage 
8 of tobacco flower development (Goldberg, 1988) and remain relatively constant until 
stage 11. However, different from the 120-kD glycoprotein transcripts, the PELPII 
transcript levels gradually decrease after pollination (Goldman et al., 1992).  
Other HRGPs that only have been studied at the DNA-level are the tobacco flower 
specific Cys-rich extensin-like proteins (CELPs) (Wu et al., 1993). The CELP genes 
code for a set of proteins with an extensin-like Pro-rich motif and a Cys-rich domain also 
containing a highly charged C-terminus. CELP mRNAs accumulate most abundantly in 
vascular and epidermal tissues of floral organs. In the pistil, CELP mRNAs also 
accumulate in a thin layer of cells between the transmitting tissue and the cortex of the 
style and in the cell layer lining the placenta to which the ovules are attached (Wu et al., 
1993). This unique accumulation pattern of CELP mRNAs in the pistil suggests a 
possible role in pollen tube guidance. One possibility is that the basic extensin-like 
domain of these chimeric proteins is embedded in the wall. The Cys-rich domain may 
interact with the membrane, the cytoplasm, the cytoskeleton, or the extracellular 
environment, probably mediated by disulfide bond formation of the Cys residues 
(Cassab, 1998). 
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Class III pistil-specific extensin-like proteins (PELPIII) 
The stylar HRGPs discussed in this thesis are the tobacco class III pistil-specific 
extensin-like proteins (PELPIII). PELPIII proteins are encoded by at least two genes, 
MG14 and MG15, that were isolated from tobacco and subsequently characterized at the 
mRNA level (Goldman et al., 1992). The deduced amino acid sequence of the PELPIII 
clones reveals a chimeric character as it contains an N-terminal Pro-rich extensin-like 
domain and a non-Pro-rich C-terminal domain. Hydrophobicity analysis of the N-
terminus indicates the presence of a signal peptide. The predicted mature backbone of 
PELPIII would have a molecular mass of 42 kD. PELPIII transcripts are temporally 
regulated during tobacco pistil development. They first appear at stage 2 of tobacco 
flower development and reach the highest levels at stage 8 after which they remain 
relatively constant until stage 11 (Goldman et al., 1992). The PELPIII transcript levels 
are modulated by the pollination process; they gradually decrease after pollination, while 
transcript levels remain virtually constant in unpollinated pistils. These results indicate 
that the PELPIII mRNAs are not necessary after successful pollination. Results obtained 
by in situ hybridization experiments showed that the expression of PELPIII genes is 
exclusive to the transmitting tissue cells (Goldman et al., 1992), indicating that the 
expression of the PELPIII genes is confined to the tissue in which the pollen tubes grow 
towards the ovary. To study the characteristics of PELPIII at the protein level, 
polyclonal antibodies were raised against the recombinant expressed C-terminal domain 
of PELPIII (de Graaf, 2000). These PELPIII antibodies specifically recognized 
protein(s) on immunoblots with a molecular weight in the range of approximately 110 to 
140 kD. The PELPIII accumulation profile during flower development at protein level 
closely resembles the mRNA profile (de Graaf, 2000). However, no significant decrease 
in PELPIII levels could be detected in pollinated pistils suggesting that the protein is 
more stable than the corresponding transcripts. Immunolocalizations showed that 
PELPIII proteins are secreted in the IM of the transmitting tissue cells. After pollination, 
the majority of PELPIII seems to be gradually translocated from the IM into the pollen 
tube wall. An accumulation of PELPIII epitopes was also observed in the callose plugs. 
PELPIII could not be detected in pollen tube SV, vacuoles or cytoplasm (de Graaf, 
2000). Despite this translocation, PELPIII were predominantly found in the highly 
soluble protein fraction of pollinated pistils and retained their high molecular weight. 
These results indicate that the tube wall associated PELPIII proteins are not tightly 
bound to the pollen tubes and not detectably deglycosylated by the growing pollen tubes 
(de Graaf, 2000). A survey for the presence of PELPIII-homologue genes in several 
related solanaceous species showed that they were present only amongst members of the 
section Alatae and Tomentosae of the genus Nicotiana. Interspecific crosses furthermore 
demonstrated that, irrespective of the pollen species, tobacco PELPIII are translocated 
into the callosic wall of growing pollen tubes (de Graaf, 2000). 
 
 
Aim of this thesis 
 
The spatial and temporal expression of some HRGPs in the plant reproductive 
tissues argues for an involvement in the reproduction process. Although we have some 
functional clues about the HRGPs present in the stylar transmitting tract, the biological 
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function of most of these molecules have not yet been established unequivocally. The 
characteristics of PELPIII proteins favor direct or indirect involvement of this class of 
tobacco transmitting tissue specific HRGPs in the interaction between the growing 
pollen tubes and the pistil. This thesis describes the biochemical characterization and the 
functional analysis of these PELPIII glycoproteins. 
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ABSTRACT 
 
Class III pistil-specific extensin-like proteins (PELPIII) are specifically localized 
in the intercellular matrix of tobacco (Nicotiana tabacum) styles. After pollination the 
majority of PELPIII are translocated into the callosic layer and the callose plugs of the 
pollen tubes, which could suggest a function of PELPIII in pollen tube growth. PELPIII 
may represent one of the chemical and/or physical factors from the female sporophytic 
tissue that contributes to the difference between in vivo and in vitro pollen tube growth. 
PELPIII glycoproteins were purified and biochemically characterized. Because of their 
high proline (Pro) and hydroxyproline (Hyp) content, PELPIII proteins belong to the 
class of Pro/Hyp-rich glycoproteins. The carbohydrate moiety of PELPIII is attached 
through O-glycosidic linkages and comprises more than one-half the total glycoprotein. 
Deglycosylation of PELPIII revealed two backbones, both reacting with PELPIII-
specific antibodies. N-terminal amino acid sequencing of these backbones showed that 
PELPIII is encoded by the MG14 and MG15 genes. Two heterogeneous N-terminal 
sequences of MG14 and MG15, both starting downstream of the predicted signal peptide 
cleavage site, seem to be present, which indicates a novel N-terminal processing. 
Monosaccharide analysis showed that the carbohydrate moiety of PELPIII almost 
completely consists of arabinose and galactose in an equal molar ratio. Carbohydrate 
linkage analysis showed terminal and 2-linked arabinofuranosyl residues, as well as 
terminal and 6-, 3- and 3,6-linked galactopyranosyl residues to be present, indicating the 
presence of both extensin-like and Type II arabinogalactan oligosaccharide units. The 
ability of β-glucosyl Yariv reagent to bind with PELPIII confirmed the arabinogalactan 
protein-like characteristics of these proteins.  
 
 
INTRODUCTION 
 
The ultimate goal of pollination in angiosperms is the delivery of the male gametes 
of the pollen to the female gametophyte in the ovule. In many angiosperms, such as 
tobacco (Nicotiana tabacum), a pistil separates the ovule from the landing site (stigma) 
of the pollen. Upon germination, pollen extrudes a tube that grows towards the ovary 
through the intercellular matrix (IM) of the stylar transmitting tissue of the pistil. Apart 
from providing a physical pathway for the pollen tubes, transmitting tissue cells are also 
involved in providing appropriate physiological conditions for the growth of compatible 
pollen by secreting molecules such as free sugars, amino acids, fatty acids, lipids, 
polysaccharides and glycolipids into the IM  (Knox, 1984). It has been proposed that 
these IM components might function in a variety of processes related to pollen tube 
growth such as nutrition, protection/defense, guidance and signaling (Sanders and Lord, 
1992; Cheung et al., 1995). Biochemical and molecular analyses of secreted proteins 
found in the IM and their genes or cDNAs led to the identification of several 
hydroxyproline-rich glycoproteins (HRGPs), including arabinogalactan proteins (AGPs), 
extensin-like glycoproteins and proline/ hydroxyproline-rich glycoproteins (P/HRGPs) 
(Chen et al., 1992; Goldman et al., 1992; Cheung et al., 1993; Wu et al., 1993; Lind et 
al., 1994; Du et al., 1996; Sommer-Knudsen et al., 1996). The biological function of 
most of these pistil-specific glycoproteins has not yet been established, although some 
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involvement in pollen tube growth has been reported for some of these proteins (Cheung 
et al., 1995; Lind et al., 1996; Sommer-Knudsen et al., 1998b). 
A class of genes encoding for the class III pistil-specific extensin-like proteins 
(PELPIII) was isolated from tobacco and subsequently characterized at the mRNA level 
(Goldman et al., 1992). The PELPIII mRNA comprises at least two members (MG14 and 
MG15) localized specifically in the transmitting tissue cells of the tobacco style. 
Immunoblot and immunolocalization experiments demonstrated that the accumulation of 
PELPIII in the pistil transmitting tissue begins during the early stages of pistil 
maturation. At flower anthesis the proteins are located in the stylar IM of non-pollinated 
pistils. After pollination the majority of the PELPIII are translocated into the callosic 
layer and the callose plugs of the pollen tubes (de Graaf, 2000). These observations 
suggest that the biological function of PELPIII directly or indirectly relates to pollen 
tube growth. In this paper we describe the purification and the biochemical 
characterization of PELPIII and show that these proteins have both extensin- and AGP-
like properties. Our results provide a better insight into the nature of this class of proteins 
and are important in elucidating the function of these proteins in the stylar transmitting 
tissue. 
 
 
RESULTS 
 
Purification of PELPIII 
Total stylar protein extracts were prepared using buffers of various pH and salt 
concentrations, and extracts were tested for the presence of PELPIII. Phosphate buffers 
supplemented with increasing concentrations of NaCl did not result in an increase in the 
amount of extracted PELPIII (data not shown). A comparison of the stylar proteins that 
can be extracted with a citric acid buffer (84 mM citric acid, 2 mM Na2S2O4, and 15 mM 
β-mercaptoethanol [pH 3]; Cheung et al., 1995) and a phosphate buffer (50 mM sodium 
phosphate and 15 mM β-mercaptoethanol [pH 6]) is shown in Figure 1. The use of the 
citric acid buffer had a 2-fold advantage because it released absolute and relatively 
higher quantities of PELPIII. Densitometric measurements of equal amounts of protein 
extract showed at least four times more PELPIII after extraction with citric acid buffer 
than with the phosphate buffer. This property of the citric acid buffer has also been 
described for other proline-rich glycoproteins (Cheung et al., 1995; Sommer-Knudsen et 
al., 1998b). The alkaline character (pI 9) and the Mr of these proteins (Figure 1) led us to 
apply a procedure by which PELPIII was purified in three sequential chromatographic 
steps: cation exchange chromatography on sulfopropyl Sepaharose, gel filtration 
chromatography on superose 12 and a cation exchange chromatography on methyl-
sulfonate (Figure 2).  SDS-PAGE and immunoblot detection analysis of PELPIII showed 
that the glycoproteins migrate as a smear from 110 to 140 kD (Figure 2, B and C). 
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Figure 1. Extraction of PELPIII from the stylar tissue of tobacco. Tobacco styles were extracted with 84 mM 
citric acid and 2 mM Na2S2O4 (pH 3; Cheung et al., 1995) and 50 mM sodium phosphate (pH 6). Both buffers 
contained 15 mM β-mercaptoethanol. Each extract (5 µg) was fractionated on a 10% polyacrylamide gel and 
stained with Coomassie (A) or electroblotted onto nitrocellulose and immunostained with the antibodies raised 
against PELPIII (B). 
 
Figure 2. Purification of PELPIII from tobacco styles. A, Chromatographs of the three purification steps. The 
fractions in the gray area were pooled for the next purification step. I, Cation exchange chromatography on SP 
Sepharose after buffer exchange of the citric acid protein extract into 50 mM sodium phosphate (pH 6). Eluent 
A, 50 mM sodium phosphate (pH 6); eluent B, 50 mM sodium phosphate (pH 6) + 1 M NaCl. Gradient: 0 to 
100% (v/v) eluent B. II, Superose 12 gel filtration chromatography using 50 mM sodium phosphate (pH 6) as 
eluent. III, Methyl sulfonate cation exchange chromatography. Same conditions as in I. B, 10% SDS-
polyacrylamide gel of the pooled fractions. Proteins were detected by Coomassie staining. C, Immunostaining 
of the corresponding western blot using the PELPIII antibody. 
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Amino acid analysis 
The amino acid composition of the purified PELPIII is shown in Table I. The 
values obtained from the amino acid analysis were almost identical to those deduced 
from the MG14 and MG15 cDNA clones (Goldman et al., 1992). Hyp (18.9 mol%) and 
Pro (13.5 mol%) were the most abundant amino acids, followed by Leu (9.0 mol%), Lys 
(8.8 mol%), and Ser (7.6 mol%). Of the original Pro residues (32.4 mol%), 58% was 
posttranslationally modified to Hyp. 
The deduced amino acid compositions of MG14 and MG15 did not change 
significantly when the downstream N-terminal processing sites, as revealed by N-
terminal amino acid sequencing (Table II and Figure 4), were taken into account for the 
calculations. 
 
 
Table I. Comparison of the amino acid composition of purified PELPIII with the amino acid composition 
derived from the MG14 and MG15 cDNA clones (described by Goldman et al., 1992).  
 
Amino acid PELPIII (mol %) MG14 (mol%) MG15 (mol %) 
Ala 3.9 3.5 3.6 
Arg 1.5 2.3 1.5 
Asp/Asn 6.6 5.9 6.0 
Cys nd 1.8 1.7 
Glu/Gln 5.6 4.8 5.5 
Gly 3.1 3.0 3.0 
His 0.4 0.0 0.3 
Hyp 18.9   
Pro 13.6 31.6 30.7 
Ile 3.6 4.2 3.8 
Leu 9.0 9.8 9.5 
Lys 8.8 9.2 8.9 
Met 0.9 1.0 1.6 
Phe 3.5 4.0 3.9 
Ser 7.6 8.2 7.3 
Thr 3.8 3.5 3.4 
Trp nd 0.0 1.3 
Tyr 3.0 2.4 2.3 
Val 5.7 4.9 5.7 
 
nd. Not determined  
The amino acid composition of MG15 was deduced after cleavage at the predicted signal peptide cleavage site 
(Figure 4). For MG14, the whole cDNA clone was used to deduce the amino acid composition (Figure 4). 
 
 
Deglycosylation 
The high content of Hyp and Ser, both of which can be O-glycosylated, the running 
pattern on SDS-PAGE (110 – 140 kD) versus the predicted backbone size of 42 kD, and 
the ability of periodic acid to stain the purified protein (data not shown) indicate that 
these proteins are extensively glycosylated. Removal of the O-linked glycans by 
Characterization of pistil-specific extensin-like proteins 
 43 
chemical deglycosylation with trifluoromethanesulphonic acid (TFMS) resulted in two 
backbones that migrated at about 50 and 60 kD on SDS-PAGE (Figure 3A). 
Deglycosylation with anhydrous hydrogen fluoride (HF) gave the same results. No 
decrease in Mr could be seen when both the native and the chemically deglycosylated 
PELPIII were treated with N-glycosidase F (data not shown). 
Both backbones reacted with the PELPIII antibody (Figure 3B). The observation 
that neither of the two backbones migrated at the predicted 42 kD may be explained by 
the fact that SDS does not bind as well to proteins with a high content of Hyp (Desai et 
al., 1983) and therefore has a slower electrophoretic mobility than expected for its size 
(Gleeson et al., 1989). 
 
 
Figure 3. Chemical deglycosylation of PELPIII. Native PELPIII proteins were chemically deglycosylated with 
TFMS and fractionated on a 10% polyacrylamide gel and stained with silver (A) or electroblotted to 
nitrocellulose and immunostained with the PELPIII antibody (B). Both silver staining and immunodetection of 
the deglycosylated proteins show the presence of two backbones (Mr of 50 and 60). Lanes were loaded with 0.5 
to 3 µg of protein. M, Mr marker. 
 
 
Amino acid sequencing 
To address the nature of the two backbones present after deglycosylation of 
PELPIII, we subjected both bands to N-terminal amino acid sequencing. The N-terminal 
amino acids obtained are listed in Table II. The fact that each band (Figure 3) turned out 
to be a mixture of two backbones made unambiguous assignments difficult. However, by 
comparison with the amino acid sequences deduced from the cDNA clones (MG14 and 
MG15), we were able to establish that the 50-kD and 60-kD bands resulting from 
chemical deglycosylation both consist of MG14 and MG15 gene products (Table II). 
Figure 4 shows the position of the sequences obtained in these two members of PELPIII. 
The N-terminal sequence of the 60-kD band started with Glu-4 of MG14 and Asp-39 of 
MG15. This is in contrast with the predicted signal peptide cleavage site, which would 
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result in an N-terminal sequence starting with Lys-24 of MG15 (5’ sequence of MG14 
cDNA clone is missing). The 50-kD band started with Pro-76 of MG14 and Leu-109 of 
MG15. The difference of 73 and 70 amino acids, respectively, between the N termini of 
MG14 and MG15 in both protein backbones matches the Mr difference of about 7 kD 
between these two bands. Two independent deglycosylation steps and subsequent amino 
acid sequencing gave the same results. The reproducibility and specificity of the two 
backbones on SDS gel, together with the fact that deglycosylation with either TFMS or 
anhydrous HF resulted in the same protein backbones, suggest that acid hydrolysis of the 
proteins did not occur.  
 
 
                                          ▼ 
MG14                                    LPFELPPAEIPLPEIPLPFDGPTFVL   26 
                            ↓           |||  |||||||| || ||||||||| 
MG15 MAVIISSKVLLIQLFVLVLGSFSKLSHGELWLELPLPFDWPPAEIPLPDIPSPFDGPTFVL   61 
                                          ▲ 
                                                    ▼   
PPP    SPPPPPPSPLPSPPPPSPSPPPPSTLIPLIPPFTGGFLPPLPGSKLP   GLLPLIPNL   85 
|||    |||||   |  |||||||||||||| |||||||||||||||||||||   ||||||||| 
PPPSPLPSPPPP  SP  SPPPPSPSPPPPST IPLIPPFTGGFLPPLPGSKLPDFAGLLPLIPNL  122 
                                                   ▲ 
 
PDLPPIGGGPPVNRPKPSSPSPPVKPPPPPPSPCKPSPPDQSTKQPPPPPPSKQPPPPPP   VKA  148 
|| |||||||||| |||||||| ||||||||||||||||||| |||| ||| ||| ||||   ||| 
PDVPPIGGGPPVNQPKPSSPSPLVKPPPPPPSPCKPSPPDQSAKQPPQPPPAKQPSPPPPPPPVKA  188 
 
 
SSPSPAKQPPPPPPPVKSPSPSPAKQSPPPPRAPSPSPATQPPIKQPPPP SAKKSP    PPPVA  209 
 ||||||||||||||||               ||||||||||| ||||||  |||||    ||||| 
PSPSPAKQPPPPPPPVK               APSPSPATQPPTKQPPPPPRAKKSPLLPPPPPVA  239 
 
 
YPPVMAPSPSPAAEPPIIAPFPSPTANLPLIPRRPAPPVVKPLPPLGKPPIVNGLVYCKSCNSYGF  275 
||||| |||||||||||||||||| || |||||||||||||||||||||||| ||||||||||||  
YPPVMTPSPSPAAEPPIIAPFPSPPANPPLIPRRPAPPVVKPLPPLGKPPIVSGLVYCKSCNSYGV  305 
 
 
PTLLNTSLLPGAVVKLVCYNGKKTMVQSATTDNKGEFRIIPKSLTRADVGKCKLYLVKSPNPNCNV  341 
||||| ||| |||||| || ||||||| ||||||||||| ||||| ||||||| |||||||||||| 
PTLLNASLLQGAVVKLICY GKKTMVQWATTDNKGEFRIMPKSLTTADVGKCKVYLVKSPNPNCNV  370 
 
 
PTNFNGGKSGGLLKPLLPPKQPITPAAVP    LSDLYGVGPFIFEASSKMPCDKN.           393 
|||||||||||||||||||||||||| ||     |||||||||||||||||||||| 
PTNFNGGKSGGLLKPLLPPKQPITPAVVPVQPPMSDLYGVGPFIFEASSKMPCDKN.           426 
 
 
Figure 4. Deduced amino acid sequences of the PELPIII cDNA clones MG14 and MG15. The predicted 
signal peptide cleavage site is denoted by ↓. The N-terminal sequences obtained from amino acid sequencing 
are shown in the gray boxes NNN. ▼ Shows the corresponding cleavage sites that would generate these N-
terminal sequences. 
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Table II. N-Terminal sequencing results of the two backbone bands after deglycosylation. 
X = matching with MG14; X = matching with MG15; X = matching both MG14 and MG15 
 
Position 50-kD band  60-kD band 
1 L P   L E D 
2 P G   E L P 
3 L D   L P  
4 L F I  P O L 
5 P A   A L  
6 G L   E I P 
7 L I   I P  
8 P L O  P   
9 P N   L P O 
10 L V   P   
11 P I O  E D O 
 
50-kD band MG14 
MG15 
P G L L P L I P N L P 
L P D F A G L L P L I 
 
60-kD band 
 
MG14 
MG15 
 
E L P P A E I P L P E 
D W P P A E I P L P D 
 
 
Carbohydrate analysis 
To determine the nature of the carbohydrate moiety of PELPIII, we performed both 
monosaccharide analysis and carbohydrate linkage analysis. The monosaccharide 
composition of PELPIII is shown in Table III. The carbohydrate part consisted 
predominantly of arabinose (48 mol%) and galactose (50 mol%) in almost equal 
amounts. Glucose (2 mol%) was also present, but in such a small amount that its 
presence was probably due to contamination. The absence of N-acetylglucosamine is in 
agreement with the presence of only O-linked glycans. The linkage composition of the 
monosaccharide residues showed terminal and 2-linked arabinofuranosyl residues as 
well as terminal and 6-, 3- and 3,6-linked galactopyranosyl residues (Table IV).  The 
ratio of branching 3,6-galactosyl residues, linear (non-branching) residues and terminal 
residues was approximately 1:2:2.5. The presence of low levels of 1,2,3,5-linked Araf 
and 1,2,3,4,6-linked Galp is probably due to slight undermethylation of the PELPIII 
glycoprotein. 
 
 
Table III. Monosaccharide composition of PELPIII 
Monosaccharide Mol % 
Arabinose 48 
Galactose 50 
Glucose 2 
N-acetylglucosamine 0 
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Table IV. Carbohydrate linkage analysis of PELPIII 
Monosaccharide Linkage type Mol % 
Araf Terminal 23 
 1,2-linked 17 
 1,2,3,5-linked 3 
 
Galp 
 
Terminal 
 
16 
 1,3-linked 6 
 1,6-linked 12 
 1,3,6-linked 16 
 1,2,3,4,6-linked 
 
4 
Glcp 1,4-linked 3 
 
 
Binding to β-glucosyl Yariv reagent 
Classical AGPs have been defined as being rich in arabinose and galactose and 
containing high levels of Ala, Ser, and Hyp.  In addition, an often-used criterion for 
defining whether a protein can be classified as an AGP is its ability to bind β-glucosyl 
Yariv reagent (Yariv et al., 1967; Fincher et al., 1983; Baldwin et al., 1993). Figure 5 
shows that the purified PELPIII reacted strongly with β-glucosyl Yariv reagent, which 
indicates that these proteins have at least some AGP-like properties. 
 
 
Figure 5. Protein blot stained with β-glucosyl Yariv reagent. Lane A, Purified PELPIII (3 µg); lane B, stylar 
proteins (5 µg) extracted with the citric acid buffer; lane C, Gum Arabic AGP (2 µg); M, Mr marker. 
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DISCUSSION 
 
Based on the amino acid sequence deduced from the MG14 and MG15 cDNA 
clones PELPIII were described as chimeric proteins containing a proline-rich extensin-
like domain and a non-proline-rich C-terminal domain (Figure 4; Goldman et al., 1992). 
Amino acid analysis, after a purification of PELPIII based on solubility, charge 
properties and Mr, showed that these proteins are rich in both Pro (13.6 mol%) and Hyp 
(18.9 mol%). As such they belong to the HRGPs. This family includes extensins, 
P/HRGPs, AGPs, and solanaceous lectins (Showalter, 1993). Many proteins, however, 
cannot be assigned to one class only, as they may share motifs and properties usually 
attributed to one or more different classes (Kieliszewski and Lamport, 1994 ; Sommer-
Knudsen et al., 1998a). The low Tyr content (3 mol%) and the low number (four-five) of 
repeating Ser-Pro4 motifs distinguishes PELPIII from the extensins (6-15 mol% Tyr, 
high number of Ser-Pro4 motifs; Showalter and Varner, 1989). The observation that the 
synthetic chromophore β-glucosyl Yariv phenylglycoside (β-D-Glc)3 (Yariv et al., 1962) 
binds to the purified PELPIII (Figure 5) showed that these proteins have AGP-like 
characteristics. AGPs are implicated in many aspects of plant growth and development, 
including cell fate, cell proliferation, and cell expansion, but other functions like 
protection and nutrition have also been proposed (Knox, 1995; Du et al., 1996; Ding and 
Zhu, 1997; Nothnagel, 1997; Cheung and Wu, 1999; Majewska-Sawka and Nothnagel, 
2000). The AGP family can be divided into two classes designated as ‘classical’ AGPs 
and ‘non-classical’ AGPs (Du et al., 1996). ‘Classical’ AGPs contain a hydrophobic 
transmembrane domain at their C-terminus, which in the mature AGPs is replaced by a 
glycosylphosphatidylinositol (GPI) lipid anchor (Schultz et al., 1998; Youl et al., 1998; 
Oxley and Bacic, 1999; Majewska-Sawka and Nothnagel, 2000). They also tend to have 
a neutral to acidic protein backbone and a protein content typically lower than 10% by 
weight and rich in Hyp/Pro, Ala, and Ser/Thr (Fincher et al., 1983; Showalter, 1993; Du 
et al., 1996). PELPIII has a rather hydrophilic C terminus, a basic protein backbone, a 
protein content between 35% and 50%, and a low Ala content. As such these 
glycoproteins can be classified as P/HRGPs with characteristics of  ‘non classical’ 
AGPs.  
In recent years more evidence has appeared that indicates that oligosaccharide 
units of glycoconjugates, such as glycoproteins, proteoglycans and glycolipids, play an 
important role in a broad range of biological processes, such as providing signals for 
cell-surface recognition as well as providing structural, protective, and stabilizing 
features (Kobata, 1992; Varki, 1993). As a consequence, we further analyzed the 
carbohydrate moiety of PELPIII. The carbohydrate moiety of PELPIII consists 
predominantly of arabinose and galactose in a 1:1 molar ratio (Table III). The 
carbohydrate linkage characteristics shown in Table IV suggest that the PELPIII proteins 
have AGP-like carbohydrate chains, typically composed of mainly β-(1-3)-galactan 
chains with β-(1-6)-galactosyl side chains terminated primarily with arabinosyl residues 
(Fincher et al., 1983), as well as extensin-like carbohydrate chains due to the presence of 
1,2-linked arabinose residues (Fong et al., 1992). The presence of eight 1,3,6-linked 
galactose branching residues for every three 1,3-linked galactose residues suggests that 
the galactosyl residues are arranged in highly branched chains, as was also suggested for 
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the style-specific 120-kD glycoprotein characterized in Nicotiana alata  (Lind et al., 
1994).  
Amino acid sequencing showed the presence of two distinct peptides, which 
indicates that both the MG14 and MG15 genes are transcriptionally active and that both 
transcripts are translated. This corresponds with the Southern analysis data showing that 
PELPIII is encoded by a small gene family composed of two or three members (de 
Graaf, 2000). The MG14 and MG15 gene products each seem to have two heterogeneous 
N-terminal sequences, both starting downstream of the site predicted from signal 
sequence cleavage analysis (Figure 4). This could derive from nonspecific cleavage of 
peptide bonds during chemical deglycosylation, as described previously by Vogeler et al. 
(1990). Proteolytic cleavage has also been suggested for negatively charged (rich in Glu 
and Asp) N-terminal regions that may be highly exposed to the solvent (Van Beeumen et 
al., 1993). The absence of low-Mr products after deglycosylation argues against 
nonspecific hydrolysis of the protein backbone. In addition, the lack of a negatively 
charged N terminus, together with the reproducible appearance of the two backbones 
after chemical deglycosylation using TFMS and anhydrous HF, also indicate that 
nonspecific hydrolysis did not occur. Together, these observations could imply a novel 
type of N-terminal processing of PELPIII proteins. Unusual posttranslational processing 
of backbones has also been proposed to occur at the N and C terminus for other HRGPs 
(e.g. Mau et al., 1995; Schultz et al., 1997). These findings suggest that such processing 
may be more common than previously thought and could be important for their function. 
There are several HRGPs in the styles of tobacco and N.  alata with an architecture 
comparable to that of PELPIII (for references, see Cheung et al., 1993; Lind et al., 1994; 
Sommer-Knudsen et al., 1996; Schultz et al., 1997). The protein that shows most 
resemblance to PELPIII is the N.  alata 120-kD glycoprotein. Comparison of the 
predicted backbone encoded by MG15 with the predicted backbone of the 120-kD 
glycoprotein shows that the C-terminal domain is 70% identical. However, the identity 
between the proline-rich domains is much lower (39%). Like PELPIII, the carbohydrate 
moiety of the 120-kD glycoprotein contains linkages characteristic for both AGPs and 
extensins (Lind et al., 1994). However, the amount of 1,2-linked arabinose (17 mol% 
and 36 mol% in PELPIII and the 120-kD glycoprotein, respectively) and of 1,3,6-linked 
galactose (16 mol% and 8.5 mol%, respectively) differs significantly between these two 
glycoproteins. Moreover, in contrast to PELPIII, the 120-kD glycoprotein does not to 
bind β-glucosyl Yariv reagent (Lind et al., 1994). Like PELPIII, this glycoprotein is 
located in the IM of the transmitting tract and after pollination can also be detected in the 
pollen tube cell walls. However, unlike PELPIII, it is also found in the pollen tube 
cytoplasm (Lind et al., 1996). The function of this glycoprotein is still unknown. 
Another architecturally related protein characterized in tobacco, called transmitting 
tissue-specific protein (TTS), contains a C-terminal domain that shares 54% identity 
with that of PELPIII. TTS is translocated into the pollen tube wall after pollination but 
not into the pollen tube cytoplasm. This protein, as well as the N.  alata counterpart 
NaTTS, has been shown to promote pollen tube elongation and to attract pollen tubes 
grown in a semi-in vivo pollen tube culture system (Cheung et al., 1995; Wu et al., 
2000). Moreover, TTS is deglycosylated by pollen tube-bound deglycosylating enzymes 
(Wu et al., 1995). A very similar glycoprotein, galactose-rich style glycoprotein 
(GaRSGP), isolated from the styles of N.  alata did not promote pollen tube growth and 
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attract pollen tubes in culture assays or get deglycosylated by pollen tube enzymes in 
vivo (Sommer-Knudsen et al., 1998b). So far there is no indication that growing tobacco 
pollen tubes in vivo significantly modify PELPIII  (de Graaf, 2000), which makes a role 
in nutrition unlikely and suggests a more structural function of these proteins. Although 
the structural similarities of several abundant HRGPs in the stylar transmitting tissue 
initially suggest functional redundancy to be present, biochemical characterization and 
immunolocalization experiments have shown significant differences between these 
proteins, which necessitates their further functional analyses. 
The differences between in vivo and in vitro pollen tube growth indicate a major 
contribution of chemical and/or physical factors from the female sporophytic tissue to 
pollen tube growth in vivo (Heslop-Harrison et al., 1985; Lush et al., 1997; Cheung and 
Wu, 1999). The accumulation of PELPIII in the transmitting tract and the translocation 
of these proteins from the IM into the pollen tube walls after pollination (de Graaf, 2000) 
suggest that this class of proteins could directly or indirectly serve such a role.  The 
availability of purified PELPIII together with bioassays should enable a biochemical 
approach towards studying their function. The availability of clones for PELPIII 
alternatively allows a molecular approach to understanding their function. 
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MATERIAL AND METHODS 
 
Plant material 
Tobacco (Nicotiana tabacum cv. Petit Havana SR1) plants were grown under standard 
greenhouse conditions. Styles at stage 10 through 11 of flower development (Goldberg, 1988) 
were collected, immediately frozen in liquid nitrogen and stored at –80°C. 
 
Protein purification 
Protein extraction 
Stylar tissue was ground in liquid nitrogen to a fine powder with a mortar and pestle. To 
obtain the optimal extraction buffer we added to 0.15-g aliquots of stylar powder several buffers (1 
ml, 4°C) with various pH and salt concentrations. Results are shown for two buffers, 84 mM citric 
acid, 2 mM Na2S2O4 (pH 3; Cheung et al., 1995) and 50 mM sodium phosphate (pH 6). All buffers 
contained 15 mM β-mercaptoethanol. Proteins were extracted by repeated vortexing (30 s) and 
incubation on ice (15 min). The extract was centrifuged (14,000 g, 15 min, 4°C), and the 
supernatant was collected. After estimation of the protein concentration according to the method of 
Bradford (Bradford, 1976, Bio-Rad, Hercules, CA), equal amounts of total protein extracts were 
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analyzed by SDS-PAGE and immunoblots. Densitometric analysis of the polyacrylamide gels and 
immunoblots were performed with the GS-700 Imaging Densitometer (Bio-Rad) using the 
Molecular Analist 1.5 software (Bio-Rad).  
For the batch purification of PELPIII, the 84 mM citric acid, 2 mM Na2S2O4 (pH 3) buffer 
was used as the extraction buffer. One thousand frozen styles were ground to a fine powder, and 
100 ml of extraction buffer was added. Proteins were extracted as described above. After an initial 
centrifugation (2,400 rpm, 10 min, 4°C) any particulate material was removed from the soluble 
protein fraction by filtration through Miracloth; This was followed by a second centrifugation step 
(14,000 g, 15 min, 4°C). The final supernatant was used for further protein purification. 
 
Chromatographic separation / purification 
After buffer exchange into 50 mM sodium phosphate (pH 6) using a Sephadex G-25 column 
(PD-10 column, Amersham Pharmacia Biotech, Uppsala), the protein fraction was applied to a 
sulfopropyl Sepharose cation exchange column  (HiTrap SP, Amersham Pharmacia Biotech). 
Proteins were eluted by a linear gradient of 0 to 1 M NaCl. Fractions containing PELPIII were 
pooled and concentrated with a Centricon Concentrator (Mr cut-off 30, Millipore-Amicon, 
Bedford, MA) and separated on a Superose 12 gel filtration column (Amersham Pharmacia 
Biotech) removing residual high- and low-Mr proteins from the PELPIII-containing fraction. 
Lingering impurities were removed by running the PELPIII-containing fractions through a methyl-
sulfonate cation exchange column (Mono S, Amersham Pharmacia Biotech) using a linear gradient 
of 0 to 1 M NaCl. Purified PELPIII proteins were stored at -80°C.  
 
Deglycosylation 
Chemical deglycosylation 
The glycoprotein, either dried in a speedvac or lyophilized (20 - 200 µg), was 
deglycosylated for 3 to 4 h on ice using trifluoromethanesulphonic acid (TFMS) as described by 
Edge et al. (1981). The deglycosylated protein fraction was precipitated by adding diethyl ether 
and n-hexane (9:1, v:v; Lind et al., 1994) and subsequently incubating the solution for 1.5 h at -
80°C. After centrifugation (15 min, 500g, 4°C) the transparent pellet was washed with 95% (v/v) 
ethanol and dried under vacuum before being solubilized in water.  
As an alternative to the chemical deglycosylation by TFMS, anhydrous hydrogen fluoride 
(HF) was used as described by Du et al. (1994), based on the method of Mort and Lamport (1977).  
 
Enzymatic deglycosylation 
Cleavage of N-linked oligosaccharides from native (10 µg) and TFMS-deglycosylated (5 
µg) PELPIII was performed with peptide-N-glycosidase F (recombinant N-glycanase, Oxford 
Glycosciences, Abingdon Oxon, UK) according to the manufacturer’s recommended procedure. 
 
Amino acid analysis 
Amino acid analysis was carried out by the amino acid analysis laboratory (AAA 
Laboratory, Mercer Island, WA). A Beckman 7300 Amino Acid Analyzer coupled with System 
Gold software was used. Analysis after hydrolysis (20 h in 6 N HCl, 0.05% [v/v] β 
mercaptoethanol, 0.02% [w/v] phenol at 115°C) was performed by post-column derivitization with 
ninhydrin using the ion-exchange chromatographic methods developed by Stein and Moore 
(1951).  
 
Electrophoretic separation of proteins 
Protein samples were separated with SDS-PAGE according to the discontinuous buffer 
system of Laemmli (1970) using 10% or 12% SDS-polyacrylamide gels (Mini-Protean II 
apparatus, Bio-Rad). Proteins were visualized by either Coomassie Brilliant Blue R-250 or by 
silver staining.  
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Western-blot analysis 
The proteins separated by SDS-PAGE were electroblotted onto nitrocellulose in a buffer 
consisting of 39 mM glycine, 48 mM Tris base, 0.037% (w/v) SDS, 20% (v/v) methanol (pH 8.3; 
mini-gel transfer apparatus, Bio-Rad). The nonspecific binding sites for immunoglobulins on the 
nitrocellulose membrane were blocked overnight with 5% (w/v) nonfat dried milk in phosphate-
buffered saline. After blocking, the membrane was incubated for 2 h with immune serum 
containing antibodies against PELPIII (I-C3P), diluted 1:1000 in blocking buffer. Bound antibody 
was detected with alkaline phosphatase-conjugated goat anti-rabbit antibodies (Pierce, Rockford, 
IL), diluted 1:5,000 to 1:10,000 in blocking buffer. The membranes were developed with 0.33 
mg/ml nitro blue tetrazolium (NBT) and 0.165 mg/ml 5-bromo-4-chloro-3-indolyl phosphate 
(BCIP) in alkaline phosphatase buffer (100 mM Tris [pH 9.5], 100 mM NaCl, and 5 mM MgCl2). 
 
AGP detection on western-blots 
β-Glucosyl Yariv reagent (Biosupplies, Melbourne, Australia), a diagnostic reagent for 
AGPs, was used to test for the presence of AGPs after electroblotting onto nitrocellulose as 
described by Baldwin et al. (1993). 
 
Monosaccharide analysis 
Monosaccharides were either analyzed as their alditol acetates after trifluoroacetic acid 
(TFA) hydrolysis (as described below after methylation) or as their trimethylsilylated 
methylglycosides following methanolysis. (Chaplin, 1982; Bacic et al., 1987), using 1 to 5 µg of 
purified PELPIII. The trimethylsilyl methylglycosides were analyzed by gas-liquid 
chromatography-mass spectrometry (GC-MS) as described by Bacic et al. (1987). 
 
Carbohydrate linkage analysis 
Purified PELPIII samples (5 - 20 µg) were methylated according to a modified procedure of 
Ciucanu and Kerek (1984) as described by Oxley and Bacic (1995). The methylated samples were 
hydrolyzed with 2 M TFA at 100°C for 2 h, reduced with 1 M NaBD4 (sodium borodeuteride) in 2 
M NH3 at room temperature for 2.5 h, and acetylated with acetic anhydride at 100°C for 2.5 h. 
After extracting the partially methylated alditol acetates with dichloromethane, they were 
identified and quantified by GC-MS essentially as described by Sims and Bacic (1995). 
 
Determination of total carbohydrate 
The phenol-sulfuric acid assay (Dubois et al., 1956) was used to quantitatively determine the 
total amount of carbohydrates in a given sample using D(+) galactose and L(+) arabinose as 
internal standards. 
 
Determination of protein concentration 
Protein concentrations were either determined from the amino acid analysis or with a protein 
assay (Bio-Rad) based on the Bradford (1976) dye-binding procedure using bovine serum albumin 
as the internal standard.  
 
Amino acid sequencing 
The two backbones obtained after chemical deglycosylation of purified PELPIII with TFMS 
were electrophoretically separated and electroblotted to polyvinylidene fluoride (PVDF) 
membrane using 10 mM 3-[cyclohexylamino]-1-propanesulfonic acid (CAPS). Automated Edman 
degradation was performed using a protein sequencer (Perkin-Elmer Applied Biosystems, Foster 
City, CA) by the Protein Analysis Laboratory of the University of Alabama (Birmingham) and by 
Midwest Analytical, Inc. (St. Louis). 
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ABSTRACT 
 
Pollen-pistil interactions are required for recognition, germination and growth of 
pollen tubes. Components produced by the transmitting tissue and secreted into the 
intercellular matrix (IM) are thought to mediate these interactions. Class III pistil-
specific extensin-like proteins (PELPIII), chimeric hydroxyproline-rich glycoproteins 
(HRGPs) with properties of both extensins and arabinogalactan proteins (AGPs), are 
involved in pollen-pistil interactions as they are translocated from the IM into the pollen 
tube wall after pollination. Here we show that in in vitro assays the translocation of 
PELPIII proteins is specifically directed to the callosic inner wall of the pollen tubes. 
This suggests that a transfer or accumulation mechanism other than diffusion must be 
involved, and that translocation is not dependent on the physiological conditions of the 
transmitting tract. To study the function of the specific interaction between PELPIII 
proteins and the pollen tube wall, one of the PELPIII proteins (MG15) was ectopically 
expressed in pollen tubes and targeted to the tube wall. The MG15 protein expressed in 
pollen tubes accumulated in an underglycosylated form in the callosic wall, suggesting 
firstly that some aspects of the protein glycosylation are unique for the stylar 
transmitting tissue, and secondly that the extent of glycosylation does not interfere with 
the accumulation pattern in the pollen tube wall. Pollen tube growth analysis showed that 
the physical interaction of PELPIII proteins with the pollen tube wall has no effect on 
pollen tube growth. However, the targeted transfer of PELPIII proteins through the 
primary cell wall into the inner callosic sheet of the pollen tube wall argues for a 
physiological meaning, directly or indirectly, related to pollen tube growth. It is 
discussed that PELPIII proteins may act as carriers to transport physiologically active 
components to the pollen tube membrane. 
 
 
INTRODUCTION 
 
Successful fertilization after pollination depends on close interactions between 
pollen (the male gametophyte) and pistil (the female reproductive organ). These 
interactions start after the pollen is captured on the stigmatic surface of the pistil. In 
species with wet stigmas, such as tobacco (Nicotiana tabacum), the compounds present 
in the stigmatic exudate determine pollen adhesion, pollen recognition, and water 
management for optimal pollen germination (Heslop-Harrison, 1987; Hülskamp et al., 
1995a; Wolters-Arts et al., 1998). The interactions continue when the pollen tubes grow 
through the style, as growth becomes heterotrophic at the expense of the stylar reserves 
(Labarca and Loewus, 1973; Herrero and Dickinson, 1979). The high efficiency with 
which pollen tubes find the ovules suggests the presence of specific signals that guide 
the pollen tubes towards the ovary. Studies on Arabidopsis mutants, in which the 
development of either the ovule or the female gametophyte was affected, have shown 
that the embryo sac plays an important role in pollen tube guidance, although the nature 
of this signal is still unclear (Hülskamp et al., 1995b; Shimizu and Okada, 2000).    
Pollen tubes grown in vitro in optimized germination media only reach 30-40% of 
the in vivo lengths and ultimately show structural anomalies, indicating once more that 
the pistil improves pollen tube growth (Read et al., 1993; Taylor and Hepler, 1997). The 
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interactions between the pollen and the pistil in flowering plants also include self-
incompatibility (SI) responses in which the growth of genetically related pollen tubes is 
arrested by the female tissue (reviewed by McCubbin and Kao, 2000).  
Recently, two stylar molecules, a lipid transfer-like protein and a pectic 
polysaccharide, have been isolated from lily stigma/stylar transmitting tract extracellular 
matrices and are required together for the adherence of pollen tubes to an “in vitro 
stylar” matrix (Park et al., 2000; Mollet et al., 2000). Style-specific hydroxyproline-rich 
glycoproteins (HRGPs), such as the tobacco transmitting tissue specific (TTS) proteins 
and the N. alata 120-kD glycoprotein, are not only secreted into the intercellular matrix 
(IM) but are also translocated into the walls of pollen tubes, both in vivo and in vitro 
(Wu et al., 1995; Lind et al., 1996). Moreover, TTS proteins appear to enhance pollen 
tube growth in vivo and to attract pollen tubes in vitro (Cheung et al., 1995). These 
findings indicate that some transmitting tissue proteins may be required for optimal 
pollen tube growth in the style. 
Another group of style specific HRGPs, the tobacco Class III pistil-specific 
extensin-like proteins (PELPIII), were shown to be translocated from the IM into the 
tube walls of tobacco pollen as well as into the tube walls of some closely related species 
(de Graaf, 2000).  The protein backbones of PELPIII are the gene products encoded by 
MG14 and MG15 (Goldman et al., 1992; de Graaf, 2000; Bosch et al., 2001). PELPIII 
proteins have characteristics of both extensins and arabinogalactan proteins (AGPs), and 
more than half of their molecular weight (Mw 110-140 kD) consists of O-linked 
carbohydrates (Bosch et al., 2001; Chapter 2). 
Presently, we show that PELPIII proteins become translocated into the walls of in 
vitro germinated pollen tubes. To investigate whether the accumulation of PELPIII in the 
tube walls has a relevant role in pollen tube growth, we generated transgenic tobacco 
plants in which pollen ectopically express one of the PELPIII proteins, MG15. In case 
the mere presence of MG15 in the tube wall favors growth, ectopic expression of MG15 
will result in growth stimulation. Alternatively, if translocation of MG15 into the pollen 
tube wall affects growth, the expression of MG15 in pollen tubes will not influence 
pollen tube growth. We used the pollen specific NTP303 promoter, which is active from 
mid-bi-nucleate stage of pollen development until fertilization (Weterings et al., 1992), 
to ectopically express MG15. Since the NTP303 gene product was shown to be present 
in the pollen tube wall (Wittink et al., 2000), the corresponding signal sequence was 
used to ensure localization of the MG15 protein in the pollen tube wall. Here we show 
the analysis of pollen tubes that ectopically express the MG15 protein and discuss the 
results with respect to a possible function of this protein in pollen tube growth. 
 
 
RESULTS 
 
In vitro protein translocation assay 
It was previously observed that PELPIII proteins are translocated from the stylar 
IM into the callosic wall of pollen tubes (Figure 1C). This could either occur by 
diffusion or by an active mechanism sustained by other components of the IM. To 
examine the latter possibility we grew pollen tubes in vitro in the presence of purified, 
native PELPIII proteins isolated from tobacco styles. Immunogold labeling of pollen 
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tubes grown under these conditions showed that PELPIII epitopes were present in the 
tube wall, whereas no such epitopes could be detected in pollen tubes grown in medium 
without PELPIII proteins or after incubation with pre-immune serum (Figure 1, A and 
B). These data prove that an intact transmitting tissue is not required for the transfer of 
PELPIII proteins into the pollen tube wall. No preferential location within the callosic 
wall could be observed and label was absent from the layered primary wall (Figure 1A).  
 
 
Figure 1. Immunogold localization of PELPIII proteins in chemical-fixed pollen tubes after in vitro growth. A) 
and B) Longitudinal section of a pollen tube grown in vitro in the presence of PELPIII (0.1 µg/µl) for 2.5 h. A) 
Immune serum, B) Pre-immune serum. C) Transverse section of a pollen tube grown in vivo, 16 h after 
pollination. Abbreviations: cw, callosic secondary wall. pw, pectin primary wall. Bar 1 µm. 
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In the cytoplasm and the wall of the tip, no significant label was detected. The first label 
appeared, together with the callosic wall, at a distance of 25 µm from the tip. These data 
indicate that the callosic layer of the pollen tube wall is the sole site of accumulation of 
PELPIII proteins.  
 
 
Ectopic expression 
Whenever pollen tubes grow through the transmitting tissue (in vivo) or in medium 
(in vitro) with PELPIII proteins, these glycoproteins are translocated into the wall of the 
growing pollen tubes. To examine the biological significance of these molecules in the 
pollen tube wall, a ‘gain of function’ approach was undertaken by which one of the 
PELPIII proteins, MG15, was ectopically expressed in pollen tubes after Agrobacterium 
tumefaciens mediated transformation. To ensure that the MG15 transcripts were 
expressed in pollen tubes during pollen tube growth, the pollen specific NTP303 
promoter, active from mid-bi-nucleate stage of pollen development till after pollen tubes 
reach the ovaries (Weterings et al., 1992), was used. The two constructs used to generate 
transgenic tobacco plants are shown in Figure 2A. In the pTMB+SP T-DNA construct 
the NTP303 signal sequence was used to target the MG15 protein to the secretory 
pathway. The second construct (pTMB-SP) lacks the signal sequence so the MG15 
protein is expected to be retained in the cytoplasm. 
 
 
A     NTP303 signal peptide 
                                               ↓ 
pTMB+SP        NPTII          NTP303 promoter    MG15 coding region 
 
      NOS promoter   3’NOS                                          3’NOS 
         
pTMB-SP        NPTII          NTP303 promoter   MG15 coding region 
 
 
B 
          NTP303 promoter  NTP303 signal peptide     MG15 coding region 
pTMB+SP                                   
          ........LKNKKNNV MGSGKVTFVALLLCLSVGVIA EDPY HGELWLELPLP...... 
                                                ↑ 
 
          NTP303 promoter       MG15 coding region 
pTMB-SP 
         ........LKNKKNNV M GSG KLSHGELWLELPLP..... 
 
                                              ▼ 
MG15     MAVIISSKVLLIQLFVLVLGSFSKLSHGELWLELPLPFDWPPAEIPLPDIPSPEDGPTF  
                               ↑ 
         VLPPPSPLPSPPPPSPSPPPPSPSPPPPSTIPLIPPFTGGFLPPLPGSKLPDFAGLLPL..... 
                                                         ▲                 
 
Figure 2. A) Schematic representation of the T-DNA constructs used for the ectopic expression of MG15 in 
pollen tubes. B) Changes in the N-terminal amino acid composition generated by the PCR based steps used in 
both constructs. M Start of translation. NNN NTP303 linker. ↑ Denotes the predicted signal peptide cleavage 
site. ▼ Shows the MG15 cleavage sites based on the results of N-terminal amino acid sequencing (Bosch et al. 
2001, Chapter 2). 
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The alterations in the N-terminal amino acid composition of both gene products as 
a result of the cloning strategies are depicted in Figure 2B. In the pTMB+SP T-DNA the 
‘EDPY’ NTP303 sequence downstream the predicted NTP303 signal peptide cleavage 
site replaces the ‘KLS’ MG15 sequence. In pTMB-SP the NTP303 amino acids ‘GSG’ 
are followed by the coding sequence of MG15 deprived of its own predicted SP 
sequence. However, N-terminal amino acid sequencing of native MG15 expressed in the 
style (Bosch et al., 2001) suggested two downstream cleavage sites in the protein, 
different from the one predicted (Figure 2B). Therefore, it could be possible that the 
ectopically expressed MG15 protein in the pollen tubes still contains part of its own 
signal peptide. 
 
 
Selection of transformants and production of homozygous plants 
Transgenic tobacco plants (R0) were screened for the presence of the MG15 
transcript in pollen. Out of 35 transformants harboring the pTMB+SP T-DNA, 24 plants 
(named +SP) showed the presence of the ectopic transcript, whereas MG15 mRNA only 
could be detected in pollen of 5 out of the 25 pTMB-SP transformants (-SP plants, data 
not shown). The NTP303 promoter is only active after the asymmetric pollen mitosis, 
therefore, in primary transformants with a single locus insertion, only 50% of the pollen 
contain the transgene. 
Upon self-pollination of those +SP and -SP plants that gave the highest MG15 
mRNA accumulation level, 5 kanamycin resistant seedlings from each mother plant were 
transferred to the greenhouse. The resulting R1 plants were both self-crossed and 
backcrossed to wild-type. Homozygotes were selected using the kanamycin resistance 
gene, based upon 100% KanR from both crosses. 
The MG15 mRNA levels in germinated pollen of the selected homozygous 
transgenic plants are shown in Figure 3. A clear MG15 hybridization signal can be seen 
in most of the lanes containing transgenic pollen tube RNA, whereas no signal can be 
seen in the lane containing wild-type pollen tube RNA. Stylar RNA was included as a 
positive control. 
 
 
 
Figure 3. Northern blot analysis of MG15 mRNA levels in pollen tubes of homozygous MG15+SP and MG15-
SP plants. 10µg of total RNA was loaded in each lane. Wt, RNA isolated from wild-type pollen tubes. Style, 
RNA isolated from wild-type tobacco styles at stage 10-11 of flower development (Goldberg, 1988). 
 
 
Detection of the MG15 protein 
Since MG15 mRNA is present in pollen of transgenic plants, we could set to detect 
the MG15 protein in pollen tubes. We used polyclonal antibodies (PELPIII pro-Ab) 
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raised against the PELPIII specific synthetic peptide ‘ANPPLIPRRPA’. Figure 4a shows 
that this antiserum detects the native PELPIII proteins in a total stylar protein extract. 
However, this antiserum also detects a second smear with a molecular weight lower than 
98 kD.  Since this signal can also be seen when using the corresponding pre-immune 
serum, this lower molecular weight smear could not be specifically generated against the 
PELPIII specific peptide. The antiserum raised against this PELPIII specific peptide was 
used to detect the ectopic expression of the MG15 protein in pollen tube extracts from 
several homozygous plants (Figure 4b). 
 
 
Figure 4. Immunodetection of the ectopically expressed MG15 protein. a) Comparison between the 
immunodetection obtained on stylar proteins using the LT-C3P PELPIII antibodies and the PELPIII pro-Ab 
antibodies. Stylar proteins were extracted with the citric acid extraction buffer. b) Screening of pollen tube 
protein extracts of two homozygous +SP plants for the presence of the MG15 protein using the PELPIII pro-
Ab. c) Detection of NTP303 in wild-type pollen tube extracts using NTP303 specific antibodies. d) Chemical 
deglycosylation of the insoluble +SP24.4 protein fraction. All samples were fractionated on a 10% 
polyacrylamide gel and electroblotted to nitrocellulose. Lanes in Figure 4a were loaded with 10 µg of protein. 
In Figure 4b and c equal volumes of the original protein extracts were loaded. Used abbreviations: I, immune 
serum. PI, pre-immune serum. Ab, antibody. Wt, Wild-type. A, growth medium protein fraction. B, soluble 
protein fraction. C, insoluble protein fraction. degl., TFMS deglycosylated. 
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The extraction procedure followed was basically the same as described for 
NTP303 (Wittink et al., 2000), in which a soluble and an insoluble protein fraction were 
obtained (lanes B and C respectively in Figure 4b). The pollen tube growth medium 
(lanes A, in Figure 4b) was also tested for the presence of the MG15 protein. A clear 
signal between 64 kD and 98 kD can be seen in the pollen tube protein extracts of the 
tested homozygous +SP plants. The MG15 protein seems to be predominantly present in 
both the growth medium and the insoluble fraction (Figure 4b). As expected, also 
NTP303 was found predominantly in the medium and in the insoluble fraction (Figure 
4c). No signal could be detected in the homozygous -SP plants (data not shown). 
PELPIII proteins have a predicted backbone size of 42 kD, whereas the native 
endogenous proteins migrate as a smear from 110 – 140 kD upon electrophoretic 
separation. Biochemical characterization showed that these proteins are extensively 
glycosylated with O-linked glycans (Bosch et al., 2001, Chapter 2). After 
deglycosylation of the insoluble pollen tube protein extract of transgenic +SP plants a 
signal of around 40 kD could be detected (Figure 4d), confirming the presence of the 
MG15 protein in the transgenic pollen tubes. The differences between the apparent 
molecular masses of the native stylar PELPIII proteins and the MG15 protein ectopically 
produced in the pollen tubes shows that the glycosylation of MG15 in pollen tubes is less 
than that in the style. 
 
 
 
 
Figure 5. Immuno-gold localization of MG15 in chemical-fixed transgenic pollen tubes (+SP24.4) after 2.5 h 
of in vitro growth. A) and B) Longitudinal section of pollen tube area containing a pectin primary wall (pw) 
and a callosic secondary wall (cw). A) Immune serum, B) Pre-immune serum. C) Longitudinal section of 
pollen tube tip containing secretory vesicles (sv). Bar 1 µm.  
 
 
Immunolocalization of MG15 in transgenic +SP pollen tubes 
Since the MG15 protein is expressed in two of the +SP lines, 
immunohistochemical studies were performed to identify the precise location of this 
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protein and its possible route of secretion. The MG15 protein could be detected in the 
wall of the pollen tubes grown in vitro (Figure 5A), showing that it is secreted as 
predicted by the presence of the signal peptide (+SP). The amount of gold label, 
however, appeared less than in wild-type pollen tubes grown in the style, where PELPIII 
proteins are translocated from the IM (Figure 1C). No label could be detected in the 
primary wall, including that in the tip, or in the secretory vesicles (SV) in the tip (Figure 
5C). These observations show that the location of MG15 ectopically expressed in pollen 
tubes is the same as in wild-type pollen tubes exposed to exogenous PELPIII grown in 
vivo or in vitro. 
 
 
 
Figure 6. Pollen tube growth measurements. A) Lengths of wild-type (Wt), +SP22.5, and +SP24.4 pollen tubes 
30 h after pollination of wild-type pistils. B) Lengths of Wt and +SP24.4 pollen tubes 30 h after pollination of 
transgenic tobacco pistils (F81, C78, and C77), that have no or highly reduced levels of PELPIII (Chapter 4). 
C) Lengths of Wt and +SP24.4 pollen tubes after 16 h of in vitro growth in 0.01 % boric acid. Error bars 
indicate the standard deviation. 
 
Pollen tube growth assays 
To test whether ectopic expression of MG15 influenced pollen tube growth, we 
used both in vivo and in vitro growth assays. After 30 h of growth in wild-type tobacco 
pistils, the +SP22.5 and +SP24.4 pollen tubes reached the same length as the wild-type 
tobacco pollen tubes (Figure 6A). Also, the elongation of –SP pollen tubes did not 
significantly differ from wild-type pollen tubes (data not shown). Pollen tubes growing 
in wild-type tobacco pistils encounter high amounts of endogenous PELPIII proteins 
present in the IM of the transmitting tissue. Since the abundance of these proteins could 
mask the effect of the ectopically expressed MG15 protein on pollen tube growth, we 
used transgenic tobacco plants that have no or highly reduced levels of PELPIII proteins 
in the pistil (Chapter 4) for in vivo growth assays. Figure 6B shows that 30 hours after 
pollination the +SP24.4 pollen tubes grew as far as the wild-type pollen tubes in the 
transgenic tobacco plants. These results suggest that there is no stimulating effect of 
MG15 on pollen tube growth in vivo. Alternatively, a possible stimulating effect could 
be concealed by the presence of other stimulating factors in the style, such as 
carbohydrates and other glycoproteins. To further eliminate these, pollen from +SP 
plants were grown in a sugar depleted medium to mimic tube growth under conditions of 
starvation. Also these assays revealed no significant differences between the growth of 
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wild-type and transgenic pollen tubes (Figure 6C). In neither of the growth assays we 
could detect morphological differences between wild-type and transgenic pollen tubes. 
Together, these results show that the growth of pollen tubes expressing the MG15 
protein is not significantly different as compared to wild-type pollen tubes. 
 
 
 
DISCUSSION 
 
To contribute to the highly efficient pollen tube growth achieved in vivo the 
tobacco stylar transmitting tissue must interact with the pollen tubes growing through it. 
These interactions are most likely mediated by the components present in the 
extracellular matrix. Possible mediators are the PELPIII proteins of the stylar IM that are 
translocated into the pollen tube wall (de Graaf, 2000). Analysis of pollen tubes grown in 
culture medium with PELPIII proteins showed that also under in vitro conditions these 
proteins are translocated into the pollen tube walls. This indicates that the translocation 
of PELPIII solely depends on their own properties, and not on the physiological 
conditions of the transmitting tract. The driving force behind the translocation probably 
is diffusion, but the specific accumulation of PELPIII in the callosic secondary wall 
indicates the presence of an additional transfer or binding mechanism. A specific binding 
of the basic (pI 9) PELPIII proteins to negatively charged wall components such as 
pectins seems unlikely since no binding of PELPIII was detected in the pectin-rich 
primary wall. Loss of PELPIII from the primary wall during the fixation process can be 
excluded since also in cryofixed preparations no PELPIII epitopes could be detected in 
the primary wall (data not shown). 
To study whether the specific accumulation of PELPIII molecules bear 
significance for pollen tube growth, one of the PELPIII proteins, MG15, was ectopically 
expressed in pollen tubes using the pollen specific NTP303 promoter. Although the 
MG15 transcript was present in homozygous transgenic tobacco plants containing the 
pTMB-SP T-DNA (no Signal Peptide sequence) or the pTMB+SP T-DNA (NTP303 
Signal Peptide sequence), the MG15 protein could not be detected in plants containing 
the pTMB-SP T-DNA. Due to the absence of a signal sequence, it is likely that the 
MG15 protein of the –SP pollen tubes is not targeted to the ER and Golgi apparatus. As 
the latter mediates post-translational processing of O-linked glycan chains, the ectopic 
MG15 protein of the –SP pollen tubes is not glycosylated and therefore may be 
susceptible to proteolytic degradation. In contrast to the –SP lines, the MG15 protein 
was detected in the +SP pollen tubes. The molecular mass spectrum for this ectopically 
expressed MG15 protein is significantly lower than that of the endogenous PELPIII 
proteins produced in the transmitting tissue (64-98 kD and 110-140 kD, respectively), 
indicating that the ectopically produced MG15 protein is less extensively glycosylated. 
Likewise, ectopically expressed TTS proteins, under the control of the non-tissue-
specific CaMV 35S promoter, have been reported to accumulate as underglycosylated 
proteins in all plant tissues surveyed when compared to the endogenous TTS proteins 
produced by the stylar transmitting tissue (Cheung et al., 1996). The observed 
underglycosylation of ectopically expressed transmitting tissue specific proteins in other 
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tissues suggests that some aspects of protein glycosylation are unique for the stylar 
transmitting tissue and may be required for optimal functioning of this tissue and its IM. 
The MG15 protein expressed in pollen of +SP plants displayed a similar 
accumulation in the pollen tube wall as PELPIII in wild-type pollen tubes after 
translocation in vivo and in vitro. This proves that the signal peptide of NTP303 
correctly targeted MG15 to the place where it resides naturally after translocation. It 
furthermore shows that a different glycosylation of PELPIII proteins does not affect the 
specific accumulation in the secondary pollen tube wall. Since no gold label could be 
detected in the wall of the tip or in the secretory vesicles (SV) of the pollen tubes, as was 
also the case for NTP303 (Wittink et al., 2000), an alternative secretory pathway from 
the ER directly to the cell membrane might be suggested (Wittink et al., 2000). 
However, as the ectopically expressed MG15 protein is still glycosylated with O-linked 
glycans, it must follow the Golgi secretory pathway, and therefore an alternative 
pathway seems unlikely. Probably, the concentration of the MG15 protein in the tip wall 
and SV is too low to be detected with immunogold labeling. 
Protein analysis showed that the vast majority of the MG15 protein produced by 
the +SP pollen tubes is present in the insoluble fraction and in the in vitro culture 
medium, whereas almost no MG15 signal was detected in the soluble fraction. A 
comparable fractional distribution was obtained for the NTP303 protein. The presence of 
MG15 in the culture medium may indicate that this protein is loosely associated to the 
inner secondary wall and therefore can easily diffuse into the growth medium. However, 
the fact that almost no MG15 protein can be extracted from pollen tubes with the soluble 
protein extraction buffer (50 mM Tris-HCl, pH 6.8, 10% sucrose, 1% β-
mercaptoethanol) suggests that part of the MG15 protein is directly secreted into the 
medium, while the MG15 protein incorporated in the callosic layer is more tightly bound 
and can only be extracted by adding SDS to the extraction buffer (the insoluble fraction).  
The ectopically expressed MG15 protein in the +SP pollen tubes has the same 
localization as the PELPIII proteins in wild-type pollen tubes after in vivo growth 
through the stylar IM. Therefore, these transgenic pollen tubes offer a valuable tool to 
examine the possible function of the interaction between PELPIII proteins and pollen 
tubes. In vivo pollen tube growth assays in both wild-type pistils as well as pistils that 
have highly reduced levels of PELPIII proteins (Chapter 4), did not reveal significant 
differences between the growth of wild-type and transgenic pollen tubes. Also the in 
vitro growth and the morphology of the transgenic +SP pollen tubes are comparable to 
that of wild-type pollen tubes. These results indicate that the close interaction between 
PELPIII proteins and the pollen tubes does not have significant effects on pollen tube 
growth under the given circumstances. 
Pollen tubes grow exclusively at the tip, which is enveloped only by a fibrous 
pectin layer. It is therefore unlikely that PELPIII (MG15) proteins, seen only in the 
callosic layer, would directly affect tip growth. The specific translocation of PELPIII 
proteins through the primary wall into the secondary wall of tobacco pollen tubes 
suggests that these proteins could aid in the transport of other molecules through the 
wall, and thus function as a carrier. Besides PELPIII, the chimeric tobacco TTS proteins 
and N. alata 120-kD glycoprotein are also translocated into the walls of pollen tubes, 
both in vivo and in vitro (Wu et al., 1995; Lind et al., 1996). Recently, the N. alata TTS 
glycoproteins (NaTTS) have been shown to bind S ribonucleases (S-RNases) that are 
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involved in the self-incompatibility response. It was speculated that the binding to 
NaTTS allows the S-RNases to gain access to pollen tubes (McClure et al., 2000). 
Indications that the PELPIII homologues in N. alata are also able to bind S-RNases 
(McClure, personal communication) suggest a similar function for these proteins in the 
self-incompatibility response. As the self-compatibility of tobacco is a derived condition 
(Loerger et al., 1990), it is well possible that the tobacco PELPIII proteins represent 
evolutionary remnants that lost their function due to the absence of functional S-RNases. 
Alternatively, the presence of these proteins in the stylar IM and in the pollen tube wall 
may contribute to the general physiochemical properties of this IM and/or the tube wall. 
 
 
 
MATERIALS AND METHODS 
 
Plant Material 
Wild-type and transgenic Nicotiana tabacum cv. Petit Havana SR1 plants were grown under 
standard greenhouse conditions. Pollen were collected and either used immediately or stored at -
20°C before further analyses. Wild-type styles at stage 10-11 of flower development (Goldberg, 
1988) were collected, immediately frozen in liquid nitrogen and used for protein extractions. 
Leaves from cultured wild-type tobacco plants were used for Agrobacterium tumefaciens mediated 
plant transformation.  
 
Construction of T-DNAs for plant transformation 
The strategy followed for the construction of pTMB+SP and pTMB-SP (shown in Figure 
2A) is briefly outlined below. For pTMB+SP, a NcoI site was created behind the predicted signal 
peptide cleavage site of the genomic NTP303 clone by a PCR-based approach. A 0.93 kb KpnI-
NcoI fragment containing the NTP303 promoter and signal peptide (SP) was fused to the coding 
region of the MG15 cDNA clone from which the predicted upstream signal peptide sequence was 
deleted. After the fusion of a 3’nos terminator sequence behind the MG15 coding region, the 
cassette was cloned into the XbaI-KpnI restriction sites of pBIN19 to obtain the final pTMB+SP 
binary construct. For pTMB-SP a PCR mediated approach was used to generate an in frame fusion 
between the NTP303 promoter and the MG15 coding region. The further procedure was essentially 
the same as the one described for pTMB+SP. Both constructs were sequenced to check the reading 
frames. The changes in the N-terminal amino acid composition of the gene products, created by 
the PCR based steps used in both constructs, are shown in Figure 2B.  
 
Plant transformation  
The expression cassettes, pTMB+SP and pTMB-SP, were cloned into the T-DNA vector 
carrying a KanR gene and transformed in the Agrobacterium tumefaciens LBA4404 strain by a 
reciprocal recombination process (triparental mating, helper plasmid pRK2013, helper strain 
JM101). Nicotiana tabacum cv. Petit Havana SR1 plants were grown under sterile conditions on 
MS30-phytagel medium (Murashige and Skoog medium (4.4 g/l), Gamborg B5 vitamins, phytagel 
3 g/l, and sucrose 30 g/l, pH 5.7-5.9). Agrobacterium tumefaciens containing the recombinant T-
DNA constructs was cultured and used to infect tobacco leaf disks (upside-down in the dark for 2 
days at 25°C). Leaf disks were washed in MS30 containing 250 mg/l carbenicillin (Carb) and 
transferred upside-up to solid callus inducing MS30-phytagel plates containing 0.1 mg/l alpha-
Naphtalene acetic acid (NAA), 1 mg/l 6-benzylaminopurine (BAP), 200 mg/l kanamycin (Kan) 
and 250 mg/l Carb. After a period of 2 weeks, calli were transferred to shoot-inducing medium  
(MS20-phytagel containing 2 mg/l BAP, 0.2 mg/l indole-acetic acid (IAA), 250 mg/l Carb and 100 
mg/l Kan). 
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After 3-4 weeks the shoots regenerated from calli were rooted on 1/2MS15-phytagel 
medium containing 100 mg/l Kan, 200 mg/l cefotaxime and 100 mg/l vancomycin. Regenerated 
plantlets were maintained in the greenhouse for further analyses. The presence of the neomycin 
phosphotransferase (NPTII) gene was tested by a PCR-based screening. 
 
Generation of homozygous plants 
Seeds that resulted from self-fertilization of transformed plants as well as backcrosses from 
transformed plants (transgenic pollen x wild-type pistil) were analyzed for segregation of 
kanamycin resistance by plating ca. 200 sterilized seeds of each transformant on 1/2MS20 medium 
containing 200 mg/l kanamycin. The ratio of green seedlings (resistant) to bleached seedlings 
(sensitive) was scored after three weeks as an indicator of segregation for the KanR marker carried 
in the T-DNA. As the NTP303 promoter is active after pollen mitosis, only 50% of the pollen of a 
heterozygous transformed plant will express the transgene. Homozygous plants for the T-DNA 
transgenes (KanR) were obtained by selfings of the primary transformants (R0). From each R0 plant 
5 R1 plants were grown and self fertilized as well as backcrossed. Only if 100% of both the self-
seeds as well as backcross-seeds were kanamycin resistant, the R1 motherplant was homozygous 
for the transgene. 
 
RNA isolation and hybridization analysis 
Total RNA was isolated using the method of Frankis and Mascarenhas (1980) with minor 
modifications according to Goldberg et al. (1981). Starting from 40 mg pollen, pollen tubes were 
grown in vitro for 2 h at 28°C in 8 ml pollen germination medium (10% sucrose, 0.01% boric 
acid). The pollen tube cultures were centrifuged (150 g, 10 min, 4°C), and 400 µl RNA extraction 
buffer (100 mM Tris-HCl pH 8.0, 100 mM NaCl, 50 mM EDTA, 1% SDS, 1% Tri-
isopropylnaphtalene sodium salt (Kodak) and 50 mM ß-mercaptoethanol) was added to the pollen 
tube pellet.  Pollen tubes plus extraction buffer were transferred to microfuge tubes containing 400 
µl phenol and incubated at 60°C for 10 minutes. Phenol:chloroform extractions were performed 
until no interface remained. Total RNA was obtained after successive ethanol and LiCl 
precipitations. Equal amounts of total RNA were separated in formaldehyde denaturing 1% 
agarose gels. After electrophoresis the RNA was transferred overnight to a Hybond-N+ nylon 
membrane (Amersham Pharmacia Biotech, Uppsala) by capillary transfer in 10 x SSC. RNA was 
fixed to the membrane as described by the manufacturer. Following pre-hybridization for 4 h at 
65°C, the RNA gel blots were hybridized with a PELPIII specific 32 P randomly labeled probe (3’ 
BamHI-XhoI fragment), overnight at 65°C in 6 x SSC, 0.1% SDS, 5 x Denhardt’s reagent and 100 
µg/ml denatured herring sperm DNA. The membranes were washed at 65°C in 2 x SSC, 1 x SSC, 
0.2 x SSC and 0.1 x SSC successively, each containing 0.1% SDS. The membranes were exposed 
to CEA,RP,blue medical X-ray films at –80°C with intensifying screens. 
 
Protein extraction 
Protein extraction from pollen tubes 
Pollen tube proteins were extracted as described by Wittink et al. (2000), with minor 
modifications. Pollen tubes were grown for 16 h in 5 ml pollen germination medium (10% sucrose, 
0.01% boric acid) starting from 10 mg dry pollen. The pollen tubes were separated from the 
medium by mild centrifugation (150 g, 10 min, 4°C). After the pollen tubes were ground in liquid 
nitrogen, the soluble protein fraction was extracted by adding 50mM Tris-HCl, pH 6.8, 10% 
sucrose and 1% β-mercaptoethanol, and incubation for 15 minutes on ice. The supernatant, 
containing the soluble protein fraction, was collected after centrifugation (2,000 g, 15 min, 4°C). 
The remaining soluble proteins of the pellet were re-extracted using the same buffer and pooled 
with the former soluble protein fraction. Insoluble proteins were extracted by adding the same 
homogenization buffer supplemented with 1% SDS to the remaining pellet and by incubating at 
room temperature for 15 minutes. After centrifugation (2,000 g, 15 min, RT) the pellet was re-
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extracted with the SDS supplemented buffer, and the two supernatants containing the insoluble 
protein fractions were pooled. The soluble and insoluble proteins, as well as the proteins from the 
growth medium, were concentrated by acetone precipitation. The final protein pellets were 
dissolved in 100 mM phosphate buffer, pH 7.0. 
 
Stylar protein extraction and protein purification 
Stylar proteins were extracted as described by Bosch et al. (2001; Chapter 2) using the citric 
acid extraction buffer (84 mM citric acid, 2 mM Na2S2O4  and 15 mM β-mercaptoethanol, pH 3 ; 
after Cheung et al., 1995). Protein concentrations were determined with a protein assay (Bio-Rad, 
Hercules, CA) based on the Bradford (1976) dye-binding procedure using BSA as standard. The 
stylar protein extract was either used for immunoblot analysis or for further PELPIII protein 
purification as described by Bosch et al. (2001; Chapter 2). 
 
Electrophoretic separation of proteins 
Protein samples were separated by SDS-PAGE according to the discontinuous buffer system 
of Laemmli (1970) using 10% SDS-polyacrylamide gels (Mini-Protean II apparatus, BioRad). 
Proteins were stained with Coomassie brilliant blue R-250.  
 
Western-blot analysis 
The proteins separated by SDS-PAGE were electroblotted onto nitrocellulose in 39 mM 
Glycine, 48 mM Tris base, 0.037 % SDS, 20 % Methanol, pH 8.3 (Mini-gel Transfer apparatus, 
Bio-Rad). The non-specific binding sites for immunoglobulins on the nitrocellulose membrane 
were blocked for 2 h with 5% (w/v) non-fat dried milk (ELK) in phosphate-buffered saline (PBS). 
After blocking, the membrane was incubated for 2 h with the immune serum containing antibodies 
either against PELPIII (LT-C3P or PELPIII pro-Ab) diluted 1:1,000 in blocking buffer, or against 
NTP303 (pAB/N) diluted 1:500 in blocking buffer. As a secondary antibody we used the alkaline 
phosphatase conjugated goat anti-rabbit antibody (Pierce, Rockford, IL), 1:5,000 to 1:10,000 
diluted in blocking buffer. The membranes were developed with 0.33 mg/ml nitro blue tetrazolium 
(NBT) and 0.165 mg/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in alkaline phosphatase 
buffer (100 mM Tris pH 9.5, 100 mM NaCl, 5 mM MgCl2). 
 
Chemical deglycosylation 
Speedvacced insoluble pollen tube proteins were deglycosylated for 3 h on ice using 
trifluoromethanesulphonic acid (TFMS) as described by Edge et al. (1981). The deglycosylated 
protein fraction was precipitated by adding diethyl ether and n-hexane (ratio 9:1, v:v) (Lind et al., 
1994) followed by incubation of the solution for 1.5 h at -80°C. After centrifugation (15 min, 
500g, 4°C) the transparent pellet was washed with 95% ethanol and dried under vacuum before the 
pellet was solubilised in water.  
 
Generation of PELPIII specific antibodies 
PELPIII LT-C3P antibodies were raised against the C-terminal domain of MG15 (de Graaf 
2000). In addition, a PELPIII specific peptide ‘ANPPLIPRRPA’ was used to generate a new set of 
antibodies. The synthesis of this peptide, conjugation to KLH, and the immunizations of rabbits 
were performed by Davids Biotechnology (Regensburg, Germany). The resulting antiserum 
(PELPIII pro-Ab) was used for immunodetection on pollen tube protein extracts.  
 
 
In vitro translocation assays and immunolocalization 
Chemical fixation 
Pollen tubes grown for 2.5 h (28°C, 40 rpm) in pollen germination medium (10% sucrose, 
0.01% boric acid, 2 mM CaCl2, 10 mM phosphate buffer pH 7.0) containing 0.1 µg/µl purified 
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PELPIII proteins, were fixed for 1 h at room temperature (RT) by adding an equal volume of 
freshly prepared fixative (10 mM phosphate buffer pH 7.0, 0.5% gluteraldehyde, 2% 
paraformaldehyde, 10% sucrose). The fixed pollen tubes were washed 3 times in 10 mM 
phosphate buffer. The pollen tubes were dehydrated going through the following ethanol series: 
10% ethanol 10’ at RT; 30% ethanol 30’ at RT; 40% and 50% ethanol, each 30’ at 4°C; 60% 
ethanol, temperature gradually decreasing from 4°C to –15°C for 30’; fresh 60% ethanol o/n at –
15°C; 75% ethanol, -15°C for 1h; 90% ethanol, temperature gradually decreasing from –15°C to –
35°C for 1h; 2 times 100% ethanol, each 1h at –35°C.  The ethanol was gradually exchanged to 
LR-white in the following series: 25% LR-white in 100% ethanol, 4h at RT; 50% LR-white in 
100% ethanol, o/n at RT; 75% LR-white in 100% ethanol, 8h at RT; 100% LR-white, o/n at RT; 
100% fresh LR-white 8h at RT. The samples were transferred to gelatine capsules and 
polymerized at 50°C for at least 16 h.  
The Immunogold labeling was performed on longitudinal and transverse ultra-thin sections 
of the pollen tubes. The sections were treated for 10 min with 50 mM phosphate buffer pH 7, 
containing 5% BSA, to block non-specific binding. Following washes in 50 mM phosphate buffer 
with 0.1% BSA (3 times 5 min), grids were incubated o/n at 40°C with PELPIII specific antibodies 
(LT-C3P) diluted 1:50 in the BSA supplemented phosphate buffer. After washing in the same 
buffer (3 times 5 min), a colloidal 10 nm-gold conjugated Protein A IgG diluted 1:50 in 
phosphate/0.1% BSA was added to the sections and incubated for 2 h. As a control grids were 
incubated with pre-immune serum. The grids were washed in phosphate/0.1% BSA (3 times 5 
min) and in water (1 time 5 min), dried, post-stained with 2% uranyl acetate for 15 min and 
examined in a JEOL JEM 100 CX II transmission electron microscope. 
 
Cryofixation 
Pollen tubes were grown overnight in the presence of purified PELPIII proteins on dialysis 
membrane disks (3 mm diameter) placed on top of the solid growth medium (10% sucrose, 0.01% 
boric acid, 1% agarose). The disks were frozen in liquid propane (-176°C) and transferred to liquid 
nitrogen. Frozen samples were substituted with anhydrous acetone containing 0.1% uranyl acetate 
at -90°C for 36 h, and then gradually (4°C per h) brought to 20°C. The samples were washed in 
100% anhydrous acetone and incubated for 30 min in propylene-oxide. The propylene-oxide was 
substituted with LR white resin by incubating the samples for 2 days in a 1:1 propylene-oxide/LR-
white solution followed by a 24 h incubation in 100% LR-white. Finally, the samples were 
transferred to gelatine capsules and polymerized at 60°C for at least 16 h. Immunogold labeling 
was performed as described in the ‘Chemical fixation’ section. 
 
Immunolocalization in transgenic pollen tubes 
Transgenic pollen tubes were grown for 2.5 h (28°C, 40 rpm) in pollen germination medium 
(10% sucrose, 0.01% boric acid). The procedures for chemical fixation and immunodetection were 
the same as described for the in vitro translocation assay. 
 
Aniline Blue staining of pollinated pistils 
Staining was carried out essentially as described by Kho and Baer (1968). Wild-type or 
transgenic pistils containing highly reduced levels of PELPIII (Chapter 4) were pollinated 24 h 
after emasculation and collected 24 or 30 h post-pollination and cut longitudinally in two pieces. 
They were fixed in 3:1 ethanol:acetic acid for 16 h at 4°C and rinsed three times with ultrapure 
water (Milli-Q system, Millipore, Bedford, MA) before the tissue was macerated in 2M NaOH 
during 1 h at 60°C. The pistils were rinsed three times in ultrapure water and stained with 
decolorized aniline blue solution as described by Linskens and Esser (1957). Stained pistils were 
placed in a drop of glycerol on a microscope slide, carefully squashed under a cover slip and 
examined with a fluorescence microscope. Pollen tube lengths were measured by marking the end 
of the pollen tube bundle on the coverslip. 
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In vitro pollen tube growth assays 
Wild-type and transgenic +SP24.4 tobacco pollen were germinated in 100 µl medium, 
consisting solely of 0.01% boric acid, at a concentration of 15 pollen/µl in a microtiter plate. 
Pollen tubes were grown at 28°C for 16h. To stop growth, 20 µl of a 3% formaldehyde solution 
was added to the pollen tube cultures. The lengths of the pollen tubes were measured on 
photographic prints by a map-distance-measuring device and converted back to actual lengths. 
150-250 pollen tubes were measured in each growth assay. The standard deviation was used to test 
for significant statistical influences on the pollen tube lengths. 
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ABSTRACT 
 
Hydroxyproline-rich glycoproteins (HRGPs) are abundantly present in the stylar 
transmitting tissue. The class III pistil-specific extensin-like proteins (PELPIII) represent 
one of these HRGPs and have characteristics of both arabinogalactan proteins and 
extensins. The specific localization of PELPIII proteins in the intercellular matrix of 
tobacco styles (the path through which pollen tubes grow towards the ovary) and the 
downregulation of PELPIII transcripts triggered by both congruous and incongruous 
pollination, suggest a function of these glycoproteins related to pollen tube growth. To 
reveal the biological function of PELPIII, transgenic tobacco plants were generated in 
which these glycoproteins were silenced. Expression analysis showed that besides 
PELPIII also another class of pistil-specific extensin-like proteins, named PELPII, was 
silenced. We have indications that the silencing of these two classes of PELPs cause 
morphological changes of the stylar intercellular matrix. In vivo pollen tube growth 
assays, however, revealed that both congruous and incongruous pollen tubes are not 
significantly affected during growth in these transgenic tobacco plants. Based on these 
results a direct involvement of PELPIII (and PELPII) in the pollen tube growth process 
is not supported, although subtle influences cannot be excluded. 
 
 
INTRODUCTION 
 
Pollen tube growth is essential for plant reproduction as this process delivers the 
sperm cells to the female gametophyte in the ovule. To reach the ovule, pollen tubes 
have to grow a long distance intercellularly through the transmitting tissue of the style, 
in many species. Pollen tubes elongate by a tip growth process that depends on the 
polarized delivery of Golgi vesicles by actomyosin-driven cytoplasmic streaming and 
localized fusion of these vesicles to the apex (Derksen and Emons, 1990). Factors 
present in the vegetative cell influence this vesicle secretion and thus cell wall 
expansion, and are therefore important for the regulation of pollen tube growth.  
Since the pollen tube growth rates in vitro rarely approach the rates observed in the 
pistil, extracellular signals derived from the female sporophytic tissue are implicated in 
the enhancement and guidance of pollen tube growth. The stylar intercellular matrix 
(IM) is rich in hydroxyproline-rich glycoproteins (HRGPs) such as arabinogalactan 
proteins (AGPs). AGPs are thought to maintain the gel structure in the IM and provide 
an adhesive, hydrated matrix that supports pollen tube growth (Gleeson and Clarke, 
1979).  Also functions in pollen tube nutrition, pollen tube guidance, pollen tube wall 
assembly and pistil defense have been proposed for these HRGPs (e.g. Jauh and Lord, 
1996; Sommer-Knudsen et al., 1997; Roy et al., 1998; Cheung and Wu, 1999). Examples 
of HRGPs specifically expressed in the stylar transmitting tissue are the Nicotiana 
tabacum (tobacco) transmitting tissue specific (TTS) glycoproteins, and the Nicotiana 
alata 120-kD glycoproteins (Cheung et al., 1993; Wang et al., 1993; Lind et al., 1994). 
Studies on the TTS glycoproteins showed that these AGPs attract pollen tubes in 
vitro and promote their growth both in vitro and in vivo (Cheung et al., 1995). In vitro 
assays with the Nicotiana alata counterpart, NaTTS, gave the same results (Wu et al., 
2000). However, this property does not seem common to all style specific HRGPs, as a 
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similar protein from N. alata, GaRSGP (galactose-rich style glycoprotein) has no effect 
on pollen tube growth (Sommer-Knudsen et al., 1998). Further indications that the 
transmitting tract supports pollen tube growth is inferred by the fact that not all type of 
pollen tubes can grow in a given pistil. For example, in some interspecific crosses 
between tobacco and other Nicotiana species, such as N. rustica and N. maritima, pollen 
tube growth is arrested somewhere along the transmitting tract of the tobacco pistil. It 
was already shown that transcript levels of a group of style specific HRGPs, the tobacco 
class III pistil-specific extensin-like proteins (PELPIII), specifically decrease upon 
congruous pollination (Goldman et al., 1992). Here we show that, although to a lesser 
extent, also incongruous pollination can trigger downregulation of PELPIII transcripts.  
Biochemical characterization of the purified PELPIII glycoproteins showed that 
they have characteristics of both AGPs and extensins (Bosch et al., 2001). Interestingly, 
immunolocalizations showed that the majority of PELPIII proteins are translocated from 
the IM into the callosic layer and callose plugs of the pollen tube wall upon pollination 
(de Graaf, 2000). Together, these data strongly suggest a function of PELPIII related to 
pollen tube growth. To reveal the biological function of PELPIII, a loss-of-function 
approach was followed. Both the full-length coding sequence and the sequence coding 
for the C-terminal domain of PELPIII were placed in antisense direction under the 
control of the CaMV 35S promoter. 
Here we present the analysis of transgenic tobacco plants in which PELPIII levels 
were highly reduced and discuss the results. No significant influence on congruous 
pollen tube growth, and thus indirectly on the reproduction process, could be observed in 
the transgenic plants. Also the pollen-pistil incongruity response is not affected in these 
plants upon interspecific crosses.  
 
 
RESULTS 
 
To understand the possible function of PELPIII proteins in the IM a loss-of-
function approach was followed, using the sequence of one of the PELPIII genes, MG15. 
The two different constructs that were used for the generation of tobacco plants 
expressing antisense MG15 RNA are shown in Figure 1. Both antisense sequences were 
placed under control of the constitutive 35S-cauliflower mosaic virus (CaMV35S) 
promoter that was shown previously to be active in the transmitting tissue (Smith et al., 
1988; Sessa and Fluhr, 1995). 
 
                                                  
pTMBAS15F       NPTII       CaMV35S promoter  ADH intron   MG15 full length CR 
 
      NOS promoter               3’NOS                                                           
                                                                          
pTMBAS15C       NPTII       CaMV35S promoter  ADH intron   MG15 C-term 
 
 
Figure 1. Schematic representation of the pTMBASF15 and pTMBASC15 T-DNA constructs used for 
PELPIII gene silencing. The sequences of the full length MG15 coding region and the MG15 C-terminal 
domain were placed in antisense direction under the control of the CaMV 35S promoter. NPTII, neomycin 
phosphotransferase. ←, Indicates the antisense orientation. 
3’NOS 
3’NOS 
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PELPIII transcripts and proteins are downregulated  
We screened 112 tobacco regenerants harboring the pTMBAS15F construct and 81 
harboring the pTMBAS15C construct, on the bases of presence or absence of PELPIII 
proteins. Stylar protein extracts were made from all independent regenerants and tested 
by immunodetection using PELPIII specific antibodies. Figure 2A shows that the level 
of PELPIII signals was variable in both populations of transformants, ranging from 
levels comparable to wild-type to very low or undetectable levels. Immunolocalizations 
on stylar sections confirmed the absence of PELPIII proteins in the transmitting tissue of 
some selected transgenic tobacco plants (Figure 2B). 
Transgenics with the lowest levels of PELPIII but having normal general plant 
morphology were selected and rescreened on RNA level using a PELPIII specific probe 
(Figure 2C). Northern blot analysis showed a clear hybridization signal in the lane 
containing wild-type stylar RNA, whereas no signals were detected in the lanes 
containing RNA from various transgenic tobacco plants (Figure 2C). After a longer 
exposure time PELPIII transcripts were detectable in some plants (data not shown). 
Together, these data clearly indicate that a considerable number of transgenic 
plants had a strongly reduced level of PELPIII transcripts and proteins. 
 
 
Figure 2. Screening for transgenic tobacco plants with reduced PELPIII protein levels. A) Protein blots 
containing stylar protein extracts from transgenic plants were screened for the presence of PELPIII using 
specific antibodies directed against these proteins. B) Immunolocalisation of PELPIII on longitudinal stylar 
sections. Detection of the bound PELPIII antibodies occurred by alkaline phosphatase conjugated secondary 
antibodies. The sections were developed using NBT and BCIP as color substrates (the original purple color 
appears as gray). Inlets show the results obtained with the pre-immune serum. C) Analysis of PELPIII mRNA 
levels in the styles of transgenic tobacco plants. 10µg of total stylar RNA were loaded in each lane. Wt, wild-
type; F and C represent plants containing the pTMBASF15 and pTMBASC15 T-DNA, respectively. The 
numbers refer to independent transgenic plant-lines; tt, transmitting tissue. 
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Downregulation of other style specific glycoproteins 
The protein backbones of PELPIII are composed of an N-terminal proline-rich 
domain and a non-proline-rich C-terminal domain containing all the cysteine residues 
(Goldman et al., 1992; de Graaf, 2000). There are several other style specific 
glycoproteins with an architecture comparable to that of PELPIII, such as TTS, GaRSGP 
and the 120-kD glycoprotein (Cheung et al., 1993; Lind et al., 1994; Sommer-Knudsen 
et al., 1996; Schultz et al., 1997). Figure 3 shows that in particular the C-terminal 
domain of PELPIII shares high homology with the corresponding domains of the N. 
alata 120-kD glycoprotein and tobacco TTS (75% and 59% on DNA level respectively). 
Another pistil specific HRGP named class II pistil-specific extensin-like proteins 
(PELPII, Goldman et al., 1992) shows very high homology with the 120-kD 
glycoprotein and presumably represents its tobacco homologue.  
 
 
 
    TTS 
                                                                                                                                                                       
                                     
                                                                                                                      
                                                                                                             
  
                                                                                                                                       
                                                             
 
 
 
Figure 3. Comparison of the N-terminal proline-rich domains and the C-terminal non proline-rich domains 
between transmitting tissue specific glycoproteins. The percentages of homologies at nucleotide level are 
shown in bold. The corresponding amino acid homologies are depicted between brackets. The base-pair 
numbers are shown in italics. White boxes represent the proline-rich domains, whereas the gray boxes 
represent the C-terminal non proline-rich domains. The dotted boxes indicate stretches of unknown sequence. 
Percentages of homologies were calculated using the clustal alignment algorithm as described by Higgins and 
Sharp (1989). 
 
 
To test if the protein levels of these ‘related’ HRGPs were also downregulated in 
plants expressing the antisense MG15 transgene, we used specific antibodies against 
TTS and the 120-kD glycoprotein. The results of the immunodetection are shown in 
Figure 4. Surprisingly, most plants that exhibit PELPIII downregulation also showed 
reduced levels of the tobacco 120-kD glycoprotein homologue (PELPII) if compared to 
the wild-type protein levels (Figure 4B). TTS protein levels seemed not to be 
significantly affected, except in the transgenic C64 plant (Figure 4C). It is known that 
both PELPIII and TTS react with β-glucosyl Yariv, a diagnostic reagent for AGPs 
(Yariv et al., 1967; Cheung et al., 1995; Bosch et al., 2001). Staining of the protein blot 
with β-glucosyl Yariv reagent showed that the stylar tissue of the transgenics still 
contained AGPs (Figure 4D), indicating that downregulation does not affect all AGPs.  
 
 
PELPIII (MG15) 
120-kD glycoprotein 
PELPII  
(incomplete cDNA clone) 
34% (29)              59% (50) 1 348 783 
39% (28)  75% (66) 1  816  1278   
1 20 450 700  945 1130 1383 
95% 92% 
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Figure 4. Immunostaining of stylar protein extracts from several transgenic plants with: PELPIII specific 
antibodies (A); antibodies against the N. alata 120-kD glycoprotein (B);  and TTS antibodies (C). Panel D 
shows staining of the protein blot with β-glucosyl Yariv reagent. Wt, extract of wild-type styles; F and C 
represent plants containing the pTMBASF15 and pTMBASC15 T-DNA, respectively. The numbers refer to 
independent transgenic plant-lines. 7.5 µg of total protein were loaded in each lane. 
 
 
Structural analysis of the transmitting tissue 
A cytological analysis of the transmitting tissue of transgenic plants by light 
microscopy showed no structural differences with wild-type plants. Knowing that 
PELPIII proteins are localized in the IM of the transmitting tissue, morphological 
changes, if any, would be expected to be present within this matrix. Transmission 
electron microscopical images revealed a clear structural difference between the IM of 
wild-type and that of transgenic styles (Figure 5). In all transgenic styles observed, the 
appearance of the IM was less smooth  (more granular) when compared to that of wild-
type. These results indicate that the absence of PELPIII in the IM affects the structural 
characteristics of this matrix. 
 
 
Figure 5. Transmission 
electron microscopy 
(TEM) images from the 
transmitting tissue of the 
wild-type (Wt) tobacco 
style, and transgenic 
tobacco style (F15). IM, 
intercellular matrix. 
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Pollen tube growth in transgenic tobacco styles 
The translocation of PELPIII proteins into the walls of growing pollen tubes (de 
Graaf, 2000) as well as the observed structural changes of the IM upon silencing of 
PELPIII encouraged a thorough examination of pollen tube growth in the transgenic 
plants. Wild-type and transgenic tobacco pistils were pollinated and pollen tube lengths 
were measured after 24h and 30h of in vivo growth (Figure 6). The results obtained 
show that the average lengths of pollen tubes grown in wild-type and transgenic pistils 
were not significantly different. This indicates that the absence of PELPIII in the pollen 
tube growth pathway does not slow down the tube growth. 
 
 
 
 
Figure 6. Comparison between in vivo pollen 
tube growth in wild type (Wt) tobacco styles 
and transgenic tobacco styles. F and C 
represent plants containing the pTMBASF15 
and pTMBASC15 T-DNA, respectively. The 
numbers refer to the independent transgenic 
plant-lines. Error bars indicate the standard 
deviation. 
 
 
 
 
 
It is known that upon pollination of mature tobacco pistils with pollen from 
incongruous Nicotiana species, such as N. rustica and N. maritima, the growth of these 
pollen tubes is arrested. N. rustica pollen tube growth is arrested halfway the tobacco 
style, whereas N. maritima pollen tubes are already arrested as soon as they penetrate the 
stylar transmitting tissue (Figure 7A; Sánchez, 2001). Measurements of PELPIII 
transcript levels at different time points after pollination revealed that, although to a 
lesser extent than in self-pollination, also incongruous pollinations triggered a decrease 
of PELPIII transcript levels (Figure 7B). Interestingly, although N. maritima pollen tubes 
only grow a few millimeters into the pistil, the decrease in transcript levels caused by 
these tubes followed a very similar pattern as that obtained with N. rustica pollen.  
This finding led us to examine the possible involvement of PELPIII in the arrest of 
incongruous pollen tube growth. Wild-type and transgenic tobacco pistils were 
pollinated with tobacco, N. rustica, and N. maritima pollen. After 30h and 60h of in vivo 
growth the lengths reached by N. rustica pollen tubes in wild-type and transgenic pistils 
did not significantly differ (Figure 7C). Also the length of N. maritima pollen tubes was 
not affected when grown in transgenic tobacco plants (data not shown). These in vivo 
growth assays indicate that the arrest of incongruous pollen tube growth was not altered 
in transgenic tobacco plants in which PELPIII was downregulated. 
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Figure 7. A) Schematic representation of the growth of N. tabacum (T), N. rustica (R), and N maritima (M) 
pollen tubes in mature wild-type tobacco pistils. B) Modulation of PELPIII gene expression upon pollination 
with pollen from the different Nicotiana species. The expression level obtained in non-pollinated pistils was set 
to 100%. C) Comparison between tobacco (T) and N. rustica (R) pollen tubes in wild-type (Wt) and transgenic 
(C77, C78, and F81) tobacco styles. Error bars indicate the standard deviation. 
 
 
 
DISCUSSION 
 
Expression analysis  
Two different T-DNA constructs were used to ensure specific PELPIII gene 
silencing (Figure 1). The pTMBASF15 construct produces antisense RNA of the whole 
coding MG15 sequence, while the pTMBASC15 construct only produces antisense RNA 
of the sequence coding for the C-terminal domain. Both T-DNA constructs resulted to be 
equally effective in PELPIII gene silencing, as shown by RNA and protein analysis of 
transgenic plants (Figure 2C and 4A). 
It was previously reported by Cheung et al. (1995) that the suppression of TTS by 
the antisense full-length TTS cDNA did not affect the level of PELPIII mRNA. In 
general, from our results we can draw similar conclusions. An exception to this is the 
C64 transgenic plant, since it does show significant downregulation of TTS proteins. 
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Although the C64 primary transformant, used for the initial screening grew normally, the 
progeny used for the further analysis showed some anomalies in general plant 
morphology. Therefore we cannot be sure that downregulation of TTS is caused by the 
transgene. Another class of pistil-specific extensin-like genes coding for PELPs, named 
PELPII, showed similar developmental expression profiles as PELPIII (Goldman et al., 
1992). The nucleotide sequence information available for the PELPII proteins is more 
than 90% homologous to that of the N. alata 120-kD glycoprotein (schematically 
represented in Figure 3). We used antibodies raised against a specific peptide of the N. 
alata 120-kD glycoprotein ‘NNARKANVQTC’, deduced from its NaPRP5 cDNA 
sequence, for immunodetection on tobacco stylar extracts (Figure 4B). A similar peptide 
‘DNARKANVQTA’ can also be deduced from the PELPII cDNA sequence, the tobacco 
homologue of the N. alata 120-kD glycoprotein. Therefore, it was not surprising that 
with this antibody a protein that most likely corresponds to PELPII could be detected. 
We expected the homology between the glycoproteins PELPIII and PELPII / 120-
kD at the nucleotide level to be too low for the antisense MG15 transgenes to affect the 
PELPII protein levels. However, immunoblot detection with the antibodies against the 
120-kD glycoprotein revealed that PELPII gene expression was downregulated in the 
transgenic tobacco plants (Figure 4B). RNA gel blots hybridized with a PELPII specific 
probe confirmed these results (data not shown). It is known that post-transcriptional gene 
silencing (PTGS) requires sequence homology between the transcribed regions of the 
transgene and the endogenous gene. Homology requirements of at least 60 bp have been 
described (Depicker and Van Montagu, 1997), although data from studies with short 
antisense oligonucleotides showed that sequences with a length of 10-40 nucleotides 
already could cause gene suppression (Dougherty and Parks, 1995; Stein and Cheng, 
1993; Wagner, 1994). The known sequence of PELPII has stretches of 20 bp that are 
identical to the MG15 sequence. This sequence homology was apparently high enough to 
induce PELPII gene silencing. 
 
In conclusion, the expression analysis of the transgenic tobacco plants showed both 
PELPII and PELPIII to be silenced, although the downregulation of PELPII appears to 
be less dramatic than that of PELPIII. 
 
 
Functional analysis  
Immunocytological analysis revealed that PELPIII proteins, produced in the 
transmitting tissue cells, are secreted into the surrounding IM (de Graaf, 2000). 
Biochemical analysis of PELPIII showed that these HRGPs have characteristics of both 
extensins and AGPs (Bosch et al., 2001). Since AGPs are thought to confer mechanical 
properties as gel-structure, adhesiveness, and lubricating capacity to a given matrix 
(Fincher et al., 1983; Penell et al., 1991; Showalter, 1993), the lack of PELPIII in the IM 
could influence these properties. Transmission electron microscopy images (TEM) 
showed that the silencing of pistil specific PELP proteins apparently changes the 
structural features of the IM, since the general aspect of the matrix from transgenic 
tobacco styles was more granular and less smooth when compared to the matrix of wild-
type styles (Figure 5). The direct cause of this morphological effect is unknown.  
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As there is no indication that growing pollen tubes significantly modify PELPIII 
(de Graaf, 2000), a nutritional role for these glycoproteins seems unlikely. A stimulatory 
effect of PELPIII on pollen tube growth cannot, however, be excluded since the presence 
of these proteins could possibly favor the physiochemical properties of the IM for an 
optimal tube growth. In vivo pollen tube growth assays showed that the pollen tube 
growth rate in the transgenic tobacco plants was not significantly affected (Figure 6). 
Also the seed yields were not significantly affected in the transgenic tobacco plants (data 
not shown). Since the IM is enriched in glycoproteins such as AGPs (Gleeson and 
Clarke, 1980), potential growth stimulating effects evoked by PELPIII (and PELPII) 
could be mimicked by the presence of functional redundant glycoproteins. Transgenic 
plants with highly reduced TTS protein levels not only showed a reduced pollen tube 
growth rate, but also reduced female fertility, in that the seed yields were less than 10% 
compared to control plants (Cheung et al., 1995). In contrast to PELPIII, TTS proteins 
are significantly hydrolyzed by pollen tube bound enzymes (Wu et al., 1995). The 
presence of carbohydrate linkages that have not previously been described for HRGPs 
(Sommer-Knudsen et al., 1997) may form a prerequisite for this specific hydrolysation 
of the TTS sugar moieties. This combination of specific glycosylation and 
deglycosylation of TTS glycoproteins could be responsible for the pollen tube promoting 
activity of TTS and would also explain the absence of this activity for PELPIII.  In vitro 
growth assays showed an even more pronounced stimulatory effect of both N.tabacum 
and N. alata TTS proteins on pollen tube growth (Cheung et al., 1995; Wu et al., 2000). 
However, another style specific HRGP characterized in N. alata, GaRSGP, that has a 
backbone polypeptide 97% identical to those of TTS proteins (Chen et al., 1993; 
Sommer-Knudsen et al., 1996) conferred no stimulation on in vitro pollen tube growth 
(Sommer Knudsen et al., 1998). However, Wu et al. (2000) showed that GaRSGP could 
correspond to a less glycosylated, more tightly extracellular matrix bound sub-
population of the NaTTS proteins. The performance of in vitro bioassays with purified 
PELPIII proteins could give a more definitive answer to the question if PELPIII affects 
pollen tube growth by directly acting on them. 
Although the in vivo assays do not support the function of PELPIII to be directly 
related to pollen tube growth, the observed downregulation of PELPIII transcripts upon 
pollination (Figure 7B, Goldman et al., 1992) argues for a function related to the 
pollination process. The finding that the levels of transcripts encoding for other HRGPs 
such as the 120-kD glycoprotein and PELPI are unaffected upon pollination, and that 
TTS transcript levels even increase (Goldman et al., 1992; Wang et al., 1993; Schultz et 
al., 1997) indicates that this modulation of gene expression is not induced by a general 
response due to pistil senescence. PELPIII transcripts are also downregulated upon 
pollination with incongruous pollen of N. rustica and N. maritima (Figure 7B). Despite 
the difference in growth characteristics between N. rustica and N. maritima pollen tubes, 
the curves describing the expression levels of PELPIII transcripts are very similar, 
indicating that modulation of these transcripts is not directly correlated to the extent of 
which pollen tubes are able to grow down the pistil. Therefore, a response quantitatively 
related to the wounding caused by pollen tube growth is unlikely to trigger these 
transcript modulations, unless a complete wounding response is initiated by stigmatic 
factors. Though its precise mechanism remains unclear, some form of communication 
between the pollen tubes and the transmitting tissue cells most occur to downregulate the 
Chapter  
 88
4 
PEPIII transcripts. After pollination of mature tobacco pistils, N. rustica and N. maritima 
pollen tubes are arrested in the transmitting tissue, whereas these pollen tubes grow 
normally all the way down to the ovary in immature tobacco pistils (Sánchez, 2001). 
This specific arrest of the incongruous N. rustica and N. maritima pollen tubes at 
maturity (Figure 7A, Sánchez, 2001) indicates that during the last stages of pistil 
development the pistil acquires factors that block pollen tube growth. Because PELPIII 
proteins are most abundant at maturity and can accumulate in the tube wall of foreign 
pollen species (de Graaf, 2000), it was conceivable to think that they could be involved 
in the incongruity response. However, incongruous pollinations on transgenic tobacco 
pistils in which PELPIII is silenced, showed no alteration in the arrest of N. rustica and 
N. maritima pollen tubes (Figure 7C), indicating that PELPIII is not involved in this 
response. 
 
The specific localization and translocation of PELPIII proteins, the downregulation 
of the PELPIII transcripts upon pollination, and the homology with the pollen tube 
growth stimulating protein TTS, are all characteristics in favor of the function of 
PELPIII to be related to the pollen tube growth. The results described in this paper, 
however, do not support a direct involvement of PELPIII in the pollen tube growth 
process, although subtle influences cannot be excluded. 
 
 
 
MATERIALS AND METHODS 
 
Plant Material 
Wild-type and transgenic tobacco (Nicotiana tabacum cv. Petit Havana SR1) plants were 
grown under standard greenhouse conditions. Styles at stage 9-11 of flower development 
(Goldberg, 1988) were collected and directly fixed for cytological analysis or immediately frozen 
in liquid nitrogen and either directly, or after storage at –80°C, used for RNA and protein 
extractions. Leaves from cultured wild-type tobacco plants were used for Agrobacterium 
tumefaciens mediated plant transformation. The pollen from Nicotiana rustica and Nicotiana 
maritima, all grown under greenhouse conditions, served as pollen donors for the interspecific 
crosses. 
 
Construction of T-DNAs for plant transformation  
For both antisense constructs the pre-existing pFBP94 binary vector was used (kindly 
provided by Dr G. Angenent). This vector, derived from pBIN19, contained a co-suppression 
cassette consisting of CaMV35S promoter::ADH1 intron::FBP11 coding region::nos terminator. 
For the pTMBAS15F construct (shown in Figure 1) a BamHI/XhoI fragment containing the full 
length MG15 coding region was ligated in antisense orientation in the corresponding sites of 
pFBP94 after the FBP11 fragment was removed using the same restriction enzymes. For the 
pTMBAS15C construct (shown in Figure 1) the 3’ SalI/SacI MG15 fragment (470 bp), was 
subcloned in pBluescript. From here the BamH1/XhoI fragment was ligated in the reversed 
orientation into the pFBP94 binary vector as described for pTMBAS15F. 
 
Plant transformation  
The expression cassettes (pTMBAS15F and pTMBAS15C) were cloned into the T-DNA 
vector carrying a KanR gene and transformed in Agrobacterium tumefaciens LBA4404 strain by a 
reciprocal recombination process (triparental mating, helper plasmid pRK2013, helper strain 
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JM101). Nicotiana tabacum cv. Petit Havana SR1 plants were grown under sterile conditions on 
MS30-phytagel medium (Murashige and Skoog medium (4.4 g/l), Gamborg B5 vitamins, phytagel 
3 g/l, and sucrose 30 g/l, pH 5.7-5.9). Agrobacterium tumefaciens containing the recombinant T-
DNA constructs were cultured and used to infect tobacco leaf disks (upside-down in the dark for 2 
days at 25°C). Leaf disks were washed in MS30 containing 250 mg/l carbenicillin (Carb) and 
transferred upside-up to solid callus inducing MS30-phytagel plates containing 0.1 mg/l alfa-
Naphtalene acetic acid (NAA), 1 mg/l 6-benzylaminopurine (BAP), 200 mg/l kanamycin (Kan) 
and 250 mg/l Carb. After a regeneration period of 2 weeks the formed calli were transferred to 
shoot-inducing medium  (MS20-phytagel containing 2 mg/l BAP, 0.2 mg/l indole-acetic acid 
(IAA), 250 mg/l Carb and 100 mg/l Kan). 
After 3-4 weeks the shoots regenerated from calli were rooted on 1/2MS15-phytagel 
medium containing 100 mg/l Kan, 200 mg/l cefotaxime and 100 mg/l vancomycin. The formed 
plantlets were maintained in the greenhouse for further analyses.  
 
RNA isolation and hybridization analysis 
Total RNA was isolated using the method of Frankis and Mascarenhas (1980) with minor 
modifications according to Goldberg et al. (1981). Styles (#10) from flowers at stage 10-11 
(according to Goldberg, 1988) were homogenized in 0.5 ml RNA extraction buffer (100 mM Tris-
HCl pH 8.0, 100 mM NaCl, 50 mM EDTA, 1% SDS, 1% Tri-isopropylnaphtalene sodium salt 
(Eastman-Kodak, Rochester, NY, USA) and 50 mM ß-mercaptoethanol) and 0.5 ml phenol. After 
homogenization another 1.5 ml of both the extraction buffer and phenol were added, followed by 
an incubation at 65°C for 5 min. Phenol:chloroform extractions were performed until no interface 
remained. Total RNA was obtained after successive ethanol and LiCl precipitations. 
10 µg of total RNA were separated on formaldehyde denaturing 1% agarose gels. After 
electrophoresis the RNA was transferred overnight to a Hybond-N+ nylon membrane (Amersham, 
Buckinghamshire, UK) by capillary transfer in 10 x SSC. RNA was fixed to the membrane as 
described by the manufacturer. Following prehybridisation for 4 h at 65°C, the RNA gel blots 
were hybridized with a PELPIII specific 32 P randomly labeled probe (3’ BamHI-XhoI fragment), 
overnight at 65°C in 6 x SSC, 0.1% SDS, 5 x Denhardt’s reagent and 100 µg/ml denatured herring 
sperm DNA. The membranes were washed at 65°C in 2 x SSC, 1 x SSC, 0.2 x SSC and 0.1 x SSC 
successively, each containing 0.1% SDS. The membranes were exposed to Kodak X-Omat AR 
Scientific Imaging films at –80°C with intensifying screens. 
The values for the PELPIII gene expression presented in the graph of Figure 7B resulted 
from densitometric analysis of the films. A GS-700 Imaging Densitometer (Bio-Rad) in 
combination with the Molecular Analyst 1.5 software (Bio-Rad) were used for this analysis. The 
values for PELPIII gene expression were corrected for the corresponding amounts of 25S rRNA. 
The expression level obtained in non-pollinated pistils was set to 100% and all other values were 
relative values within the same experiment.   
 
Protein extraction and electrophoretic separation  
Stylar tissue was ground in liquid nitrogen to a fine powder with a mortar and pestle. 
Extraction buffer consisting of 84 mM citric acid, 2 mM Na2S2O4, 15 mM β-mercaptoethanol, pH 
3  (Cheung et al., 1995) was added  (1 ml/10 styles). Proteins were extracted by repeated vortexing 
(30 sec) and incubation on ice (15 min). The extract was centrifuged (14,000 g, 15 min, 4°C), and 
the supernatant was collected and analyzed by SDS-PAGE and immunoblots. 
Protein concentrations were determined with a protein assay (BioRad, Hercules, CA, USA) 
based on the Bradford (1976) dye-binding procedure using BSA as internal standard. 
Protein samples were separated with SDS-PAGE according to the discontinuous buffer 
system of Laemmli (1970) using 10% SDS-polyacrylamide gels (Mini-Protean II apparatus, 
BioRad). Proteins were visualized by Coomassie brilliant blue R-250. 
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Western-blot analysis 
The proteins separated by SDS-PAGE were electroblotted onto nitrocellulose in 39 mM 
Glycine, 48 mM Tris base, 0.037 % SDS, 20 % Methanol, pH 8.3 (Mini-gel Transfer apparatus, 
BioRad). The non-specific binding sites for immunoglobulins on the nitrocellulose membrane 
were blocked for 2 h with 5% (w/v) nonfat dried milk (ELK) in Phosphate-buffered saline (PBS). 
After blocking, the membrane was incubated for 2 h with the immune serum containing antibodies 
against either PELPIII, TTS (kindly provided by Dr Alice Cheung), or the 120-kD glycoprotein 
(kindly provided by Dr Bruce McClure), all diluted 1:1,000 in blocking buffer. Bound antibodies 
were detected with alkaline phosphatase conjugated goat anti-rabbit antibodies (Pierce, Rockford, 
IL, USA), 1:5,000 to 1:10,000 diluted in blocking buffer. The membranes were developed with 
0.33 mg/ml nitro blue tetrazolium (NBT) and 0.165 mg/ml 5-bromo-4-chloro-3-indolyl phosphate 
(BCIP) in alkaline phosphatase buffer (100 mM Tris pH 9.5, 100 mM NaCl, 5 mM MgCl2). 
 
AGP detection on western-blots 
β-Glucosyl Yariv reagent (Biosupplies, Melbourne, Australia), a diagnostic reagent for 
AGPs, was used to test for the presence of AGPs after electroblotting onto nitrocellulose. The 
procedure followed was as described by Baldwin et al. (1993). 
 
Electron Microscopy 
Stylar pieces (2-3 mm length) were fixed for 2 h in a 100 mM phosphate buffer pH 7.2 
containing 2% gluteraldehyde as fixative, followed by a post-fixation of 1 h in 1% osmium 
tetroxide in the same buffer. Tissues were gradually dehydrated in an ethanol series going from 
30% to 100% ethanol and finally in propylene oxide. The tissues were embedded in Spurrs resin 
by replacing the propylene oxide slowly with Spurr. After polymerization of the Spurr, thin 
sections were made and post-stained with uranylacetate and leadcitrate according to standard 
procedures and viewed with a JEOL JEM 100 CX II transmission electron microscope (TEM). 
 
Immunolocalization 
Small pieces of styles (2-3mm, flowers stage 9-11 according to Goldberg, 1988) were fixed 
for 3 h in freshly prepared 10 mM phosphate buffer pH 6.8 containing 4% paraformaldehyde and 
0.25 % gluteraldehyde. The tissue was dehydrated in an ethanol series going from 30% to 100% 
absolute ethanol. The ethanol was replaced by xylene after treatment with successively 3:1, 1:1, 
1:3 ethanol/xylene (1 h each step) and 100% xylene (o/n). The tissue was infiltrated with paraffin 
by slowly replacing the xylene with paraffin and increasing the incubation temperature from room 
temperature to 42°C and finally to 60°C, total infiltration time 4 days. After embedding of the 
tissue in paraffin, 10 µm sections were made and placed on vectabond coated glass-slides. Paraffin 
was removed from the sections by incubation of the slides in 100% xylene (20 min), 1:1 
xylene/ethanol (15 min) and 100% absolute ethanol (10 min). The sections were gradually 
rehydrated in an ethanol series from 100% ethanol to 100% water. The slides were washed in 
phosphate buffered saline pH 7.5 containing 0.05% Tween 20 (PBT) for 5 min. The non-specific 
binding sites for immunoglobulins on the sections were blocked for 45 min in PBT containing 3% 
BSA. After blocking the slides were incubated overnight with immune serum containing 
antibodies against PELPIII (LT-C3P) diluted 1:200 in blocking buffer. After washing with PBT 
the slides were incubated with alkaline phosphatase conjugated goat anti-rabbit antibodies 
(Pierce), 1:500 diluted in blocking buffer in a humid chamber for 2 h, to detect the bound 
antibodies. Development of the slides was the same as described for western blot analysis using 
NBT and BCIP as color substrates. To stop the staining reaction the slides were washed in PBS 
containing 20 mM EDTA. Images were made using a CoolSNAP digital camera (RS Photometrics, 
Trenton, NJ, USA) mounted on a Leitz-Orthoplan microscope. 
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Measurements of pollen tubes grown in vivo 
Staining was essentially as described by Kho and Baer (1968). Pistils were pollinated 24 h 
after emasculation and collected 24, 30 or 60 h postpollination and cut longitudinally in two 
pieces. They were fixed in 3:1 ethanol:acetic acid for 16 h at 4°C and rinsed three times with 
ultrapure water (Milli-Q system, Millipore, Bedford, MA, USA) before the tissue was macerated 
in 2M NaOH during 1 h at 60°C. The pistils were rinsed again three times in ultrapure water and 
stained with decolorized aniline blue solution as described by Linskens and Esser (1957). Stained 
pistils were placed in a drop of glycerol on a microscope slide, carefully squashed under a cover 
slip and observed under a Leitz-Orthoplan fluorescence microscope. Finally pollen tube lengths 
were measured by marking the end of the pollen tube bunch on the coverslip. 
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ABSTRACT 
 
Class III pistil-specific extensin-like proteins (PELPIII) are abundantly present in 
the intercellular matrix (IM) of the tobacco (Nicotiana tabacum) stylar transmitting 
tissue. This specific localization in the stylar pollen tube growth pathway and the 
importance of this pathway in the sexual reproduction process presumes the biological 
function of these glycoproteins to be directly or indirectly related to plant reproduction. 
PELPIII belong to the hydroxyproline-rich glycoproteins (HRGPs) and have been shown 
to exhibit characteristics of both arabinogalactan proteins (AGPs) and extensins. In vitro 
bioassays were performed in which the influence of purified PELPIII on pollen tube 
growth and fungal growth was examined. In contrast to the tobacco transmitting tissue 
specific (TTS) proteins that were used as a positive control, PELPIII proteins did not 
influence the pollen tube growth rate, directionality and morphology. The fungal growth 
inhibition assays showed that PELPIII proteins did not affect the growth of a broad 
spectrum of different fungi tested. These data imply that the biological function of 
PELPIII proteins is not directly related to the pollen tube growth nor to the pistil defense 
system against invading pathogens.  
 
 
INTRODUCTION 
 
Upon pollination, the germinated pollen tubes have to grow a long distance 
through the intercellular matrix (IM) of the stylar transmitting tissue before they can 
release the male gametes into the ovules in order for fertilization to occur. The IM 
consists of a mucilage rich in various components such as free sugars, amino-acids, 
polysaccharides and glycoproteins (Cresti et al., 1976; Knox, 1984), that are all believed 
to have functions either directly or indirectly related to pollen tube growth  (e.g. Labarca 
and Loewus, 1973; Sommer-Knudsen et al., 1997; Cheung and Wu, 1999; Park et al., 
2000; de Graaf, 2000).  
Most of the glycoproteins known to be present in the IM belong to the 
hydroxyproline-rich glycoproteins (HRGPs). Recently we described the purification and 
biochemical characterization of a class of HRGPs specifically localized in the IM of the 
stylar transmitting tissue of tobacco (Nicotiana tabacum). These HRGPs, called class III 
pistil-specific extensin-like proteins (PELPIII, Goldman et al., 1992), showed to have 
characteristics of both extensins and arabinogalactan proteins (AGPs) (Bosch et al., 
2001; Chapter 2). Extensins have been proposed to contribute to the mechanical strength 
of the cell wall (Wilson and Fry, 1986; Cassab and Varner, 1988), thereby possibly 
creating a barrier impenetrable to fungal hyphae (Showalter, 1993). Stylar AGPs present 
in the IM of the transmitting tissue are proposed to serve as nutrients during the 
heterotrophic phase of pollen tube growth (Labarca and Loewus, 1973; Clarke et al., 
1979; Fincher et al., 1983; Cheung and Wu, 1999) or serve as an adhesive matrix that 
facilitates pollen tube growth (Jauh and Lord, 1996). AGPs may also be involved in the 
defense against pathogenic attack (Fincher et al., 1983). A number of HRGPs have been 
described to display some microbial agglutinating activity (Leach et al 1982; Mellon and 
Helgeson 1982), supporting possible defense related functions of the members of this 
protein family. 
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As PELPIII proteins share characteristics of both AGPs and extensins they 
supposedly could exert similar functions ascribed for both these HRGP subfamilies. 
PELPIII could function in pollen tube growth by optimizing the physiochemical 
characteristics of the IM or after translocation into the pollen tube wall (de Graaf, 2000; 
Chapter 3) change its mechanical properties. In addition, they could serve as a nutrient 
source for the growing pollen tubes, as proposed for transmitting tissue-specific (TTS) 
proteins (Cheung et al., 1995; Wu et al., 1995), also belonging to the HRGPs. Tobacco 
pollen tubes are able to deglycosylate the TTS glycoproteins (Wu et al., 1995), and may 
use the TTS carbohydrate moiety for their metabolism. TTS proteins from tobacco and 
N. alata (NaTTS) have been reported to stimulate and chemotropically direct pollen tube 
growth in vitro (Cheung et al., 1995; Wu et al., 2000). Apart from a function directly 
related to pollen tube growth, PELPIII proteins might be involved in defense/protection 
against invading pathogens. The components of the IM constitute a potentially nutritious 
environment for pathogen growth, yet, infections of pistils are rare, even on plants that 
are infected in other parts (Jung, 1956; Atkinson et al., 1994). Since the pistil plays a key 
role in plant reproduction, it is of major importance for the plant to prevent pathogenic 
infections in this tissue. The characteristics of PELPIII suggest that these HRGPs could 
potentially contribute to the highly effective defense/protection system that is apparently 
present in the pistil.   
The availability of purified PELPIII enabled us to test their possible function in 
bioassays. We tested a growth stimulating and chemotropic effect upon pollen tubes, 
using the TTS proteins as a positive control. The possible defense function of PELPIII 
was tested by fungal growth inhibition assays. 
 
 
 
RESULTS 
 
Pollen tube growth assays 
To test whether PELPIII proteins stimulate pollen tube growth, pollen tubes were 
grown in vitro in sugar depleted growth medium supplemented with various 
concentrations of purified PELPIII. Figure 1A and B shows the results of two 
independent growth assays. Addition of 2-10 µg/ml purified PELPIII proteins to the 
growth medium had no significant effect on the average pollen tube lengths when 
compared to the lengths of tubes grown in unsupplemented control medium. Also 
addition of PELPIII to final concentrations of 0.5 µg/ml and 20 µg/ml did not influence 
pollen tube growth (data not shown). Addition of purified TTS proteins (2-4 µg/ml) to 
the growth medium significantly affected pollen tube growth as it resulted in a 50-100% 
increase of the average pollen tube lengths.  
Comparison of the pollen tubes grown in unsupplemented control medium (Figure 
2, A and B) with the tubes grown in PELPIII supplemented medium reveals no 
differences in overall pollen tube morphology. However, the tubes grown in TTS 
supplemented medium did show some altered morphology. The general appearance of 
these tubes seems less translucent and thicker when observed with bright field 
microscopy (Figure 2, E and F). 
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Figure 1. In vitro pollen tube growth measurements. The bars represent the average length of the pollen tubes 
grown in culture medium supplemented with various concentrations of either PELPIII or TTS (positive 
control). The average growth in non-supplemented medium (control) was used as a reference. Graphs A and B 
show the results of two independent pollen tube growth assays. The pollen tube length of graphs A and B were 
measured after 14 and 20 h of in vitro growth, respectively. The number (n) of tubes measured is indicated on 
top of each bar. The differences in lengths between pollen tubes grown in TTS supplemented medium and 
control medium are significant since single sided variance analysis showed Z<2.5%. Differences between 
pollen tube length in PELPIII supplemented medium versus control medium were not significant. 
 
 
 
 
Figure 2. In vitro pollen tube growth assays. Pollen tubes were grown in unsupplemented growth medium 
(A,B); PELPIII (2 µg/ml) supplemented growth medium (C,D); TTS (2 µg/ml) supplemented growth medium 
(E,F). All pictures were taken after 14 h of in vitro growth. B, D and F show high magnification pictures of a 
pollen tube grown in the different assays. The scale bars represent 10 µM. 
 
To examine a possible chemotropic response of pollen tubes to PELPIII molecules, 
semi-in vivo pollen tube growth assays were performed using agarose plugs containing 
these proteins. Whenever control plugs, only containing minimal growth medium, were 
implanted at a certain distance from the emerging pollen tube front, the pollen tubes 
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continued their growth in the culture medium in random directions forming a fan-shaped 
pattern (Figure 3, A and B).  Implantation of agarose plugs containing PELPIII proteins 
(0.25 - 0.4 µg/µl) never resulted in a noticeable directional growth preference of the 
tubes (Figure 3, E and F). Assays with plugs containing TTS proteins did, however, lead 
to a growth preference of the tubes towards the implanted TTS source (Figure 3, C and 
D), similar though less pronounced to what has been reported previously by Cheung et 
al. (1995) and Wu et al. (2000). 
The results of these in vitro pollen tube assays showed that, under the experimental 
conditions used, PELPIII proteins neither stimulate pollen tube growth nor affect its 
directionality. 
 
Figure 3. Semi-in vivo pollen tube growth assays. The arrows indicate the position of the agarose plugs. A and 
B) negative control, agarose plug only contains growth medium. C and D) positive control, agarose plug 
contains purified TTS (0.4 µg/µl). E and F) agarose plugs contain purified PELPIII (0.4 µg/µl). A, C and E are 
bright field images. B, D and F are the corresponding epifluorescent images. Scale bars represent 0.5 mm. 
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Fungal growth inhibition assays 
To check whether PELPIII proteins are involved in protection/defense of the pistil 
against invading pathogens, fungal growth inhibition assays were performed as 
described by Broekaert et al. (1990). In this assay culture absorbance is an accurate 
indicator for fungal biomass. The potential fungal growth inhibition activity of PELPIII 
was tested on a broad spectrum of different fungi, listed in Table I. Absorbances of 
cultures prepared from these fungi were not influenced when the fungi were grown in the 
presence of various concentrations of PELPIII proteins, ranging from 0 to 100 µg/ml 
(data not shown).   
 
 
Tabel I. Fungi tested for PELPIII fungal growth inhibition activity. Growth was not inhibited by application of 
0-100 µg/ml PELPIII in the fungal growth medium. 
 
Fungus 
 
Hosts Infection characteristics 
 
Alternaria alternata 
(longipes) 
 
 
Wide range, including 
solanaceous 
species as tobacco 
 
Spores require moisture to germinate. 
Wound pathogen in plants closely related 
to tobacco such as peppers and tomatoes 
 
Ascochyta pisi Pea Adequate moisture is required for spore 
release and infection 
 
Botrytis cinerea Wide range, including 
solanaceous species as tobacco 
 
Can affect any part of the plant with the 
exception of the roots 
 
Fusarium culmorum Preferably wheat, barley, oats and 
other small cereal grains and corn 
 
Infection favored by humid conditions  
 
 
Fusarium oxysporum 
(species conglutinans) 
Preferably Brassica 
 
Infects the roots and colonizes the vascular 
tissue 
 
Verticillium dahliae Numerous crop plants, preferably 
solanaceous crop plants such as 
tomato, potato and pepper 
Infects the roots and colonizes the vascular 
tissue 
 
 
 
Another type of fungal growth inhibition assay was used to test the potential 
inhibitory activity of PELPIII on Claviceps purpurea and Phytophtora parasitica var. 
nicotiana, that both do not sporulate very easily. Unfortunately, these fungi did not grow 
well in the synthetic RPMI-1640 medium used in our assay. We only obtained results 
with this assay for Alternaria alternata, which confirmed the results obtained with the 
quantitative assay described above; no influence of PELPIII on Alternaria alternata 
growth could be observed. 
Together the data of the fungal growth inhibition assays suggest that PELPIII 
proteins are not involved in the pistil defense against invading fungal hyphae. 
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DISCUSSION 
 
Pollen tube growth assays 
Tobacco pollen tubes have a diameter of about 10 µm and grow for a distance of 
40 mm through the pistil at a speed of 1.5 – 1.9 mm/h (Wang et al., 1996), before they 
eventually can deliver the sperm cells to the embryo sac. It seems improbable that such 
an enormous distance and speed can be achieved without a significant contribution of the 
female sporophyte. Several mechanisms have been proposed by which the female 
sporophyte could possibly contribute to such a highly efficient tube growth. Pollen tubes 
may be guided by a continuous gradient from the stigmatic surface towards the 
micropyle of an ovule or, alternatively, by chemical cues during growth on the stigma 
and in the ovary, but physical structures determining the route through the style (Heslop-
Harrison, 1987; Mascarenhas, 1993).  Metabolic support for the growth of the pollen 
tubes through the style is thought to be initially provided by the mobilization of storage 
materials in the pollen grain and subsequently by components of the IM (Rosen, 1971; 
Kroh et al., 1971; Heslop-Harrison, 1987). The demonstration that stylar extracellular 
secretions are incorporated into growing pollen tubes of hollow styles (Labarca and 
loewus, 1973) and the amount of reserves within the transmitting tissue is depleted by 
the growing pollen tubes in solid styles (Herrero and Dickinson, 1979), all support this 
idea. 
The tobacco TTS proteins, used as positive control in our pollen tube assays, as 
well as the N. alata TTS proteins (NaTTS) have been reported to stimulate and attract 
pollen tubes in vitro (Cheung et al., 1995; Wu et al., 2000). The PELPIII glycoproteins 
share several characteristics with these TTS proteins (Table II). Both glycoproteins 
contain chimeric protein backbones composed of an N-terminal Pro-rich domain and a 
C-terminal non-Pro-rich domain containing six conserved Cys-residues (Goldman et al., 
1992; Cheung et al., 1993). PELPIII and TTS proteins are both specifically located in the 
stylar pollen tube growth pathway and translocated in the pollen tube wall after 
pollination (Wang et al., 1993; Wu et al., 1995; de Graaf, 2000). Moreover, both proteins  
react with β-glucosyl Yariv reagent (Cheung et al., 1995; Bosch et al., 2001), and thus 
have characteristics of AGPs. These data suggested that PELPIII proteins may, similarly 
to the TTS proteins, affect pollen tube growth.   
The presently described pollen tube growth assays show that, in contrast to TTS 
proteins, PELPIII proteins do not influence pollen tube growth rate, direction and 
morphology. What makes TTS proteins effective in these pollen tube assays and 
PELPIII not? TTS proteins are deglycosylated by pollen tube bound enzymes (Wu et al., 
1995), whereas no detectable deglycosylation of PELPIII proteins occurs (de Graaf, 
2000). The growth stimulatory effect of TTS on pollen tubes may be linked to this 
deglycosylation as it could provide additional nutrients for the growing pollen tubes (Wu 
et al., 1995). The inhibition of pollen tube mediated deglycosylation of TTS by galactose 
and arabinose  (Wu et al., 1995) is in agreement with this idea. To date, TTS proteins are 
the only glycoproteins reported to be deglycosylated by pollen tube-bound enzymes. 
Apparently these enzymes are able to recognize and hydrolyze the carbohydrate moiety 
present on TTS proteins but not the one on other glycoproteins such as PELPIII. Table II 
shows that the monosaccharide composition of PELPIII and TTS differs significantly. In 
addition, TTS proteins contain carbohydrate linkages that have not been previously 
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reported for plant-specific HRGPs (Cheung et al., 1995; Sommer-Knudsen et al., 1997) 
and might be responsible for the specific hydrolyzation of the TTS carbohydrates. 
Whether the characteristics of the NaTTS carbohydrate moiety are comparable to those 
of tobacco TTS and whether NaTTS proteins can be deglycosylated in the presence of N. 
alata pollen tubes is still unknown. 
 
 
Table II. Comparison between some characteristics of PELPIII and TTS 
 
Feature PELPIIIa,b,c TTSd,e,f 
  
Backbone Both have chimeric backbones consisting of a proline-rich and 
non proline-rich domain (29% and 50% homology, 
respectively on protein level) 
  
Localization Both in IM of the transmitting tissue. Upon pollination they 
are incorporated into the pollen tube walls 
   
Apparent Mr (kD)  Native 110 – 140 50 – 100 
                              Deglycosylated  50 + 60 30 
   
Carbohydrate  (mol %) Gal 50 Gal   70 
 Glc  2 Glc   17 
  GalA  6.5 
 Ara  48 Ara    6 
   
Deglycosylation by pollen tubes Not detected Yes 
   
Glycosylation gradient at flower 
anthesis 
Not detected Increasing glycosylation from  the 
stigmatic end to the ovarian end of the 
style 
   
Binding to β-glucosyl Yariv reagent  Yes Yes 
   
aGoldman et al. (1992); bde Graaf (2000); cBosch et al. (2001); dCheung et al. (1993); eCheung et al. (1995) 
fWu et al. (1995) 
 
It has been proposed that pollen tube growth can be accelerated by the synthesis of 
more extensible components or inhibited by the synthesis of more rigid components for 
the tube wall (Rosen, 1961). Both in vivo and in vitro, PELPIII proteins are translocated 
into the pollen tube wall (de Graaf, 2000; Chapter 3). Present results show that 
incorporation of PELPIII proteins into the pollen tube wall does not influence the wall 
properties such that pollen tube elongation is facilitated, or modified in general. 
Another difference between PELPIII and TTS/NaTTS proteins, is that the latter 
display a gradient of increasing levels of glycosylation from the stigmatic end to the 
ovarian end of the style, coincident with the direction of pollen tube growth (Wu et al., 
1995; Wu et al., 2000). Chemotropism, the ability to grow towards an attractant, requires 
the ability to detect a signal, transmit this signal intracellularly and respond to the signal 
by oriented movement or growth (Arkowitz, 1999). As suggested by Wu et al. (1995), 
pollen tubes may sense the continuous glycosylation gradient of TTS, or the resulting 
acidity gradient, and respond by growing along this gradient of increasing TTS protein 
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sugar modifications. Absence of this glycosylation gradient for PELPIII may be the 
reason that these proteins are ineffective in attracting pollen tubes. 
However, whether pollen tubes need guidance cues during their growth through the 
style is still debated. Experiments in which pollen grains were placed in the middle of 
the style showed pollen tubes growing in both directions. Pollen tubes have also been 
shown to be able to grow through inverted stylar sections (Heslop-Harrison, 1987; 
Bergamini-Mulcahy and Mulcahy, 1987). These findings are more consistent with 
growth through the style being constrained by its physical architecture rather than 
chemical guidance (Lush et al., 1999). It therefore remains to be solved whether the 
effect of TTS proteins or its derivatives on pollen tubes is caused by growth stimulance 
alone, or by a combination of growth stimulance and attractance. A more detailed study 
of the morphological and possibly physiological changes triggered by TTS proteins on 
the pollen tubes may shed light upon the action of these glycoproteins. 
How the results obtained for PELPIII and TTS relate to other style-specific HRGPs 
remains enigmatic. The N. alata galactose-rich style glycoprotein (GaRSGP) encoded by 
NaPRP4, shares 97% identity with TTS, but did neither stimulate pollen tube growth nor 
affect their growth direction in vitro (Chen et al., 1993; Sommer Knudsen et al., 1998). 
Wu et al. (2000) showed that GaRSGP may correspond to a less glycosylated 
subpopulation of the NaTTS proteins, that is more tightly bound to the extracellular 
matrix, and is therefore not effective in the in vitro assays. Alternatively, GaRSGP may 
be differently glycosylated as compared to NaTTS and TTS, and therefore, as it is for 
PELPIII, not active in the assays. No results on pollen tube growth assays have been 
reported for the 120-kD glycoprotein, a chimeric style specific HRGP characterized in N. 
alata (Lind et al., 1994). 
The in vitro pollen tube growth experiments clearly showed that, under the 
experimental conditions used, PELPIII proteins do not have a significant stimulatory or 
guiding effect on pollen tubes. An indirect involvement in pollen tube growth, however, 
cannot be fully excluded.  
 
 
Fungal growth inhibition assays 
There are several arguments for a highly effective defense mechanism to be present 
in the pistil, the structure that facilitates the pollen tubes to grow to the ovary. Infection 
of the nutrition-rich pistil would not only cause general infections, but also endanger the 
transmission of genetic information to the next generation and thus the propagation of 
the species. The structure of the pistils allows a relatively easy access to their nutritional 
resources for pathogens. Despite these favorable conditions, infections of the pistil by 
pathogens are very rare (Jung, 1956), suggesting the presence of a pistil-specific defense 
system.  
Several pathogenesis related (PR) genes have been reported to be expressed in the 
stylar transmitting tissue of pistils. Examples are genes encoding for a (1-3)-β-glucanase 
(Sessa and Fluhr, 1995) and a thaumatin-like protein (Kuboyama, 1998) in tobacco, and 
genes encoding for endochitinases in potato and tomato (Wemmer et al., 1994; 
Harikrishna et al., 1996). Plant defense responses are activated in the directly damaged 
tissues (local response), in the non-wounded areas (systemic response), or both and 
involve the generation, translocation, perception, and transduction of wound signals to 
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activate expression of the wound inducible PR-genes (León et al., 2001). However, the 
reported pistil PR-like genes are not wound inducible, which supports the presence of a 
pistil-specific defense system (Kubo et al., 2000). In plant defense the induced responses 
can take up to several hours (Maleck and Dietrich, 1999). Because of the speed at which 
pollen tubes (and possible pathogens) grow through the pistil, such a pistil-specific 
defense mechanism independent on gene-induction might be required.  
In earlier experiments, PELPIII transcripts were shown not to be induced in 
vegetative tissues upon wounding, which indicated that these proteins are not involved in 
the normal plant defense reactions (Goldman et al., 1992). However, the AGP-like and 
extensin-like characteristics of PELPIII (Bosch et al., 2001; Chapter 2) together with 
their specific localization in the IM of the stylar transmitting tissue (de Graaf, 2000) 
make these glycoproteins a candidate to contribute to a pistil-specific defense system. 
Though both bacteria and fungi could infect the style, we focussed on fungi as their 
hyphae, like pollen tubes, elongate by tip growth and may reach the transmitting tissue 
more easily than bacteria, which cannot actively grow into the pistil. In our fungal 
growth inhibition assays, PELPIII did not affect the growth of any of the fungi tested. 
Though some plant lectins require concentrations higher than 1 mg/ml (Mirelman et al., 
1975) to inhibit fungal growth, most fungal growth inhibitors from plant tissues act well 
below the maximum concentration of 100 µg/ml used here to test the inhibitory effect of 
PELPIII (e.g. Mauch et al., 1988; Cammue et al., 1992). Together, these data indicate 
that PELPIII proteins are unlikely to play a role in the pistil defense against invading 
pathogens. 
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MATERIALS AND METHODS  
 
 
PELPIII protein purification 
PELPIII proteins were extracted and purified as described by Bosch et al. (2001; Chapter 2). 
The purified proteins were dialyzed into ultrapure water (Milli-Q system, Millipore, Bedford, MA, 
USA) before application in the pollen tube assays. TTS proteins were purified as described (Wu et 
al., 2000). 
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In vitro pollen tube growth assays 
Tobacco pollen were diluted to 15 pollen grains/µl with sugar depleted growth medium (20 
mM MES [pH 6], 3 mM Ca(NO3)2⋅4H2O, 1 mM KNO3, 0.8 mM MgSO4 ⋅7H2O, 1.6 mM H3BO3) 
(Cheung et al., 1995). This suspension was supplemented with PELPIII proteins (final protein 
concentration ranging from 0.5 – 20 µg/ml) or with TTS proteins (final protein concentration 
ranging from 1 – 4 µg/ml) as a positive control. Unsupplemented medium was used as a reference. 
Pollen tubes were grown in 100 µl unsupplemented or supplemented growth media at 28°C in 
microtiter plates. After 14 or 20 h of growth, the lengths of the pollen tubes were measured on 
photographic prints with a map-distance-meter and converted back to actual lengths. Analogous as 
described by Wu et al. (2000) pollen tubes shorter than five-grain lengths were not included in the 
measurements. Single sided variance analysis was used to test if PELPIII or TTS supplementation 
had significant statistical influences on the pollen tube lengths. Two different preparations of 
PELPIII and TTS were used in the growth assays. 
 
Semi in vivo pollen tube growth assays 
Assays were carried out essentially as described by Cheung et al. (1995). Tobacco pistils at 
stage 9 to 10 of flower development (Goldberg, 1988) were pollinated, 24 h after emasculation, 
with transgenic pollen grains expressing the green fluorescent protein (GFP, under control of the 
pollen specific LAT52 promoter). After 22 h of in vivo pollen tube growth, the styles were cut at 
0.5 cm above the style-ovary junction, and placed on microscope slides covered with sugar-
depleted pollen tube growth medium solidified with 0.5 % w/v agarose. The cut ends of the styles 
were immediately sealed with the same medium. The slides with styles were kept in a humid 
chamber at 28°C. After about 12 h pollen tubes emerged from the cut ends and continued to grow 
in the sugar depleted growth medium. Styles with normally emerging pollen tubes were selected 
for the assays. Agarose plugs (2.5 µl) containing either PELPIII or TTS (0.25 - 0.4 µg/µl) were 
inserted at a distance of approximately 1.5 times the stylar diameter both to the side of the style 
and the front of the emerging pollen tubes. Pollen tube growth was examined by both bright field- 
and fluorescence- microscopy after about 20 h of semi-in vivo growth. 
 
Fungal growth inhibition assays 
Automated fungal growth inhibition assay 
Inhibition assays were performed at the Centre of Microbial and Plant Genetics (University 
of Leuven, Leuven, Belgium). The following fungal strains present at the Centre were used: 
Alternaria alternata (longipes) CBS 620.83, Ascochyta pisi MUCL 30164, Botrytis cinerea JHCC 
8973, Fusarium culmorum IMI 180420, Fusarium oxysporum f. sp. Conglutinans CBS 186.53, 
Verticillium dahliae NM 8028. 
The procedure followed was carried out as described by Broekaert et al. (1990). It is based 
on the direct proportionality between absorbance at 595 nm and fungal biomass. Fungi were 
cultured in microtiter plates at 25°C in the dark. Each well contained potato dextrose broth (12 
mg/ml) and approximately 2000 spores in a total volume of 100 µl. Different concentrations of 
purified PELPIII proteins, ranging from 0 – 100 µg/ml, were added to the wells to test for its 
potential fungal growth inhibition activity. Absorbances (A595) of the micro-wells were measured 
after the spores were allowed to sediment for 30 min. A second absorbance was measured after 
appropriate periods of fungal growth. 
 
Modified clinical fungal growth inhibition assay 
In order to test fungal strains present in our laboratory (Phytophthora parasitica var. 
nicotiana CBS 305.29, Alternaria alternata CBS 154.31, Claviceps purpurea CBS 164.59), we 
modified a fungal growth inhibition assay that is clinically used for testing the susceptibility of 
conidium-forming filamentous fungi that cause invasive fungal infections (NCCLS document 
M38-P). After cultivation on potato dextrose agar (PDA) plates, a mycelial suspension was 
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prepared in double distilled water. Heavy particles were allowed to settle for 10 min, after which 
the upper homogeneous suspension was adjusted to 80-82% transmittance. This suspension was 
diluted (10, 20, 40, 80, 160, and 320 times, respectively) in synthetic RPMI-1640 medium 
(Euroclone, Wetherby West Yorkshire, UK). After the optimal dilution and incubation time was 
established for each fungal strain, these optimal conditions were used to test the growth of the 
fungi in RPMI-1640 medium containing various concentrations of PELPIII (0 – 150 µg/ml). After 
appropriate culture times the transmissions at 530 nm were measured in microtiter plates. All fungi 
were cultured at 29°C. 
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The sexual reproductive success of angiosperms depends largely on the proper 
delivery of the sperm cells to the female gametophyte containing the egg cell. A pollen 
tube carrying the germ cells grows through the specialized sporophytic tissues of the 
pistil towards the ovary, enters an ovule and releases the sperm cells to the embryosac. 
Considering the time necessary to proceed from pollination to fertilization, the time span 
of pollen tubes residing in the stylar tissue of the pistil is relatively long, thereby 
indirectly indicating the importance of this part of the female reproductive organs. The 
stylar length supposedly ensures a selection of the fittest pollen tubes to fertilize the egg 
cells. The components present in the stylar pollen tube growth pathway, the intercellular 
matrix (IM), are thought to function in a broad variety of processes, such as pollen tube 
adhesion and guidance, nutrition during the heterotrophic growth phase of pollen tubes, 
recognition of pollen tubes, and protection/defense against possible invaders of the 
growth tract. All these possible functions must have an effect on pollen tube growth in 
such way that it will contribute to a successful fertilization. Although it is well known 
that the IM contains a wide diversity of biological compounds, many of which are 
carbohydrate containing molecules, so far little is known about the precise function of 
the individual molecules. 
Many of the carbohydrate containing molecules in the stylar IM belong to the 
family of hydroxyproline-rich glycoproteins (HRGPs). Genes encoding for class III 
pistil-specific extensin-like proteins (PELPIII) were isolated from tobacco (Nicotiana 
tabacum) and characterized at the mRNA level by Goldman et al. (1992). A thorough 
study of the accumulation profiles and localization of PELPIII proteins was performed 
by de Graaf (2000). The results obtained from both these studies suggested the role of 
PELPIII to be related to pollen tube growth. Most compelling in this respect is that 
pollination induces downregulation of the PELPIII transcripts and translocation of 
PELPIII proteins from the stylar IM into the wall of growing pollen tubes. 
These data provided a solid base for a detailed study focussed on the function of 
PELPIII in the stylar transmitting tissue. To obtain a better insight into the nature of 
these HRGPs and to be able to make a correlation with other characterized HRGPs, the 
PELPIII proteins were purified and biochemically characterized (Chapter 2). PELPIII 
proteins showed characteristics of both extensins and arabinogalactan proteins (AGPs). 
Therefore, it is difficult to assign PELPIII proteins to one of the HRGP subclasses, 
though classification as ‘non-classical’ AGPs or proline/hydroxyproline-rich 
glycoproteins (P/HRGPs) seems most applicable. Several approaches were followed to 
identify the biological function of these proteins in the stylar transmitting tissue. A loss-
of-function approach by means of PELPIII gene silencing (Chapter 4) and the 
performance of in vitro bioassays using purified PELPIII (Chapter 5) are classical and 
straightforward. The ectopic expression of one of the PELPIII proteins in tobacco pollen 
tubes that normally do not express PELPIII, and the targeting of these ectopic proteins to 
the place were PELPIII accumulate in vivo after pollination (Chapter 3) represents a less 
conventional approach. In all these different approaches a possible influence of PELPIII 
on pollen tube growth was examined. Silencing of PELPIII showed no influence on in 
vivo pollen tube growth rates and thus fertilization. However, since the IM is enriched in 
HRGPs, potential growth stimulating effects of PELPIII could be mimicked by the 
presence of functional redundant glycoproteins. This possibility can be ruled out as no 
indication of growth modulation was found for PELPIII in in vitro pollen tube growth 
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assays. Conclusions regarding function based on such bioassays should, however, be 
done with precaution since the experimental conditions cannot be equivalent to the 
physiological circumstances in vivo. Analysis of transgenic pollen tubes that ectopically 
expressed one of the PELPIII proteins showed an accumulation of this glycoprotein in 
the pollen tube wall. In vivo pollen tube growth assays with these transgenic pollen, 
using both wild-type and PELPIII silenced pistils as well as in vitro growth assays, 
showed once more no modification of pollen tube growth. Taken together, it seems that 
in spite of their specific localization in the pollen tube growth pathway, PELPIII 
glycoproteins are not essential for optimal pollen tube growth. Also a role for these 
HRGPs in pollen tube guidance (Chapter 5) and pollen tube recognition (Chapter 4) 
seems not likely. 
PELPIII proteins constitute together with the TTS proteins and PELPII proteins the 
vast majority of soluble proteins present in the tobacco transmitting tissue. The most 
striking resemblance between these three HRGPs (extrapolating sequence data from the 
N. alata 120-kD glycoprotein to the incomplete sequence of the tobacco homologue, 
PELPII) is the chimeric character of their primary structure. They possess a proline-rich 
N-terminal domain and a non-proline-rich C-terminal domain containing six cysteine 
residues. Possible explanations why TTS proteins do and PELPIII proteins do not 
modify pollen tube growth are already extensively discussed in the previous chapters. 
The most striking difference is that, in contrast to PELPIII, TTS proteins are 
significantly deglycosylated by pollen tube bound enzymes (Wu et al., 1995). The 
presence of TTS-specific carbohydrate linkages that have not previously been described 
for HRGPs may form a prerequisite for this specific hydrolysation of the TTS sugar 
moieties. 
Apparently, the carbohydrate moiety of PELPIII does not provide metabolic 
support during pollen tube growth. What is the significance of so many carbohydrates 
attached via hydroxyproline O-glycosylation to the PELPIII polypeptides and HRGPs in 
general? It seems inconceivable that a plant would spend so much energy in the 
glycosylation of proteins if it would not be of fundamental importance. There is little 
doubt that oligosaccharides can be important in the physical maintenance of tissue 
structure, and wall integrity and porosity. It is also clear that the ‘coating’ of 
oligosaccharides on many glycoproteins can serve to protect the polypeptide chain from 
recognition by proteases and are involved in the initiation of correct polypeptide folding 
in the endoplasmic reticulum (ER), and in the subsequent maintenance of protein 
solubility and conformation (Varki, 1993). However, the extensive structural diversity of 
the carbohydrate chains seen in nature argues for more specific biological roles. There is 
for instance evidence that O-linked sugars serve as recognition signals and participate in 
biological phenomena such as cell-cell interactions (Jentoft, 1990). Glycoproteins have 
also been implicated as source of oligosaccharins, oligosaccharides that can exert 
‘signaling’ effects on plant tissues, and thus act as the lock-up form of novel signaling 
molecules (Fry et al., 1993). 
Cheung et al. (1996) showed that the ability to accumulate highly glycosylated 
TTS proteins is restricted to the stylar transmitting tissue. Also the ectopically expressed 
PELPIII proteins in pollen tubes (Chapter 3) were less extensively glycosylated than the 
endogenous PELPIII proteins synthesized in the transmitting tissue cells. This may 
indicate that some aspects of protein glycosylation are unique for this tissue and are 
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apparently required for optimal functioning of the transmitting tissue and its IM. The 
chimeric character of the PELPIII polypeptides implies that only the Pro-rich domain is 
coated with O-linked oligosaccharides. It will be interesting to see if the two domains of 
PELPIII proteins, but also those of other chimeric HRGPs described, act in cooperation 
to perform the same biological function, or if each fulfills its own specific function. 
Although we have clear information on the monosaccharide composition and 
carbohydrate linkages, we can only speculate about the function of the glyco-moiety of 
PELPIII. There are still a lot of questions to be solved before more accurate predictions 
can be made about the functionality of O-linked carbohydrates. We are just beginning to 
get some insight on the factors that determine the post-translational proline 
hydroxylation and subsequent O-Hyp glycosylation (Shpak et al., 2001). Only when the 
tools become available to specifically modify carbohydrate chains of glycoproteins, 
similarly to what can be done nowadays on DNA/protein level, it will be possible to 
open the ‘black-box’ of carbohydrate functionality and get a grip on it. 
Since defense related functions have been suggested for several HRGPs, a possible 
role for PELPIII proteins in pistil defense against invading pathogens was examined 
(Chapter 5). No decrease of fungal growth could be observed when various 
concentrations of PELPIII proteins were added to the fungal in vitro cultures. Although 
these results suggest that PELPIII glycoproteins do not contribute to the pistil defense 
system, a more profound study is necessary to confirm this conclusion. Recently, a 
tobacco polyprotein hormone precursor (165 amino acids) has been shown to give rise to 
two polypeptide hormones (Tobacco Systemin I and II, 18 amino acids each) that 
activate the synthesis of defensive proteinase-inhibitor proteins (Pearce et al., 2001). The 
fact that both polypeptides contain Hyp-residues and are glycosylated suggests that these 
tobacco systemins may be related to plant HRGPs (Pearce et al., 2001). We have seen in 
Chapter 2 that the PELPIII proteins MG14 and MG15 seem to have each two N-terminal 
sequences different in size. One possibility is that the first N-terminal cleavage releases 
the signal peptide, while a second more downstream cleavage would release 
glycosylated Hyp-rich polypeptides of ~7 kD. The latter could possibly act as 
polypeptide hormone that functions in cell-cell communication during pollen-pistil 
interactions or pistil defense. 
Besides invading pathogens, also periods of extreme heath/drought and cold can 
endanger a plant’s success in producing offspring. It is known that carbohydrates have a 
high water holding capacity and exert anti-freeze characteristics. It is also known that the 
soluble carbohydrate levels (most frequently raffinose, sucrose and trehalose) increase in 
many plants upon cold acclimation (e.g. Leborgne et al., 1995; Palonen et al., 2000). It 
can be speculated that the extensive glycosylation of PELPIII proteins could protect the 
IM against dehydration during periods of heath/drought and give cryoprotection during 
periods of low temperature. However, no data concerning such a role of HRGPs have 
been reported to date. 
Recently, two stylar molecules have been isolated from lily that are required for 
pollen tube adhesion, a stigma-style cysteine-rich adhesin (SCA) and a pectic 
polysaccharide. The combination of these two molecules is necessary to induce pollen 
tube adhesion (Lord, 2000). Analogous to this, also the PELPIII proteins might need to 
bind to another cofactor in order to fulfill its functional role. Binding studies using 
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purified PELPIII proteins as ‘bait’ and transmitting tissue or pollen tube extracts as the 
‘pool of fish’ could be used to search for possible co-factors. 
Besides stimulating pollen tube growth, the N. alata TTS glycoproteins (NaTTS) 
have been shown to bind S ribonucleases (S-RNases) involved in the self-incompatibility 
response (McClure et al., 2000). It is speculated that the binding to NaTTS allows S-
RNases to gain indirectly access to the pollen tubes. There are indications that the 
PELPIII homologues in N. alata are also able to bind S-RNases (McClure, personal 
communication), and thus could have a function in the self-incompatibility response. 
Molecular phylogenetic studies of S-RNase sequences from different solanaceous genera 
revealed that self-incompatibility was the ancestral condition in this family (Loerger et 
al., 1990), meaning that the self-compatibility of tobacco is a derived condition. In fact 
tobacco has a gene encoding a relic S-RNase, however, this gene is not expressed (Golz 
et al., 1998). It is well possible that the PELPIII glycoproteins present in the stylar 
transmitting tissue of the self-compatible tobacco flowers represent evolutionary 
remnants that lost their function in self-incompatibility due to the absence of functional 
S-RNases in tobacco. This could mean that tobacco PELPIII proteins have lost their 
functional importance in the stylar IM, although they may still have retained their S-
RNase binding capacity. It has been shown that tobacco pollen are rejected upon ectopic 
expression of an S-RNase in tobacco styles (Murfett et al., 1996). To test whether 
PELPIII proteins (maybe in combination with TTS proteins) actively contribute to this 
induced self-incompatibility response, an S-RNase could be expressed in tobacco styles 
in which PELPIII (and TTS) are silenced. In case binding of S-RNase to PELPIII (and 
TTS) is necessary to induce the self-incompatibility response, tobacco pollen would not 
be rejected in these transgenic pistils. 
As already mentioned, the non-proline-rich C-terminal domain of PELPIII, TTS 
and PELPII (using 120-kD glycoprotein sequence data) contain 6 cysteine residues. 
Alignment of these domains reveals that the positions of the cysteine residues are 
conserved among these HRGPs. Homology searches with these domains in protein 
databases showed that this conservation of cysteine residues can be extended to several 
other HRGPs. An example for this is the tyrosine-rich hydroxyproline-rich glycoprotein 
encoded by the ELI 9 cDNA isolated from suspension- cultured parsley (Petroselinum 
crispum) cells (Kawalleck et al., 1995). The ELI 9 gene is transcriptionally activated in 
fungus-infected parsley leaves and elicitor-treated cultured parsley cells, indicating a 
function linked to plant defense against pathogens. Another example is the ‘non-
classical’ AGP, DcAGP1 secreted by carrot (Daucus carota) cell suspension cultures 
(Baldwin et al., 2001). In contrast to the ELI 9 transcripts, DcAGP1 transcripts are 
neither wound- nor stress- inducible. In addition, several Arabidopsis genes encoding 
HRGPs, emerging from the genome sequencing programs, also contain the conserved 
cysteine residues. 
Remarkably, the conservation of the six cysteine residues is not restricted to 
HRGPs since several pollen proteins, mostly allergens or allergen-like proteins, also 
contain this spatial conservation of six cysteine residues. The Pfam protein families 
database (Bateman et al., 2000; http://www.sanger.ac.uk/ Software/Pfam/) classifies all 
proteins showing this spatial conservation of the six cysteine residues in the ‘Pollen 
proteins Ole e I’ family (Pfam: PF01190). Ole e I encodes for a major pollen allergen 
from olive tree (Olea europaea; Villalba et al., 1993; Villalba et al., 1994) whose 
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biological function is unknown. Alignment of the amino acid sequence of Ole e I with 
two other pollen-specific proteins belonging to the ‘Pollen proteins Ole e I’ family, 
LAT52 from tomato (Twell et al., 1989) and Zmc13 from Zea mays (Hanson et al., 
1989), is shown in Figure 1A. Though no function for Zmc13 is known, there are strong 
indications that the LAT52 protein plays a role in pollen hydration and/or pollen 
germination (Muschietti et al., 1994). Alignment of the C-terminal domains of the MG15 
PELPIII protein, the 120-kD glycoprotein and TTS with Ole e I is shown in Figure 1B.  
 
A 
Pollen Ole e I VQGKVYCDTCRYGFVTNLSKPLKGAVVRLECKNRENGKVTYVEEGKTDKN 
Pollen LAT52 VEGKVYCDTCRVQFETKLSENLEGATVKLQCRNISTEAETFSVEGVTDKD 
Pollen Zmc13 IQGRVYCDTCRAGFVTNVTEYIAGAKVRLECKHFGTGKLERAIDGVTDAT 
 
Pollen Ole e I GKYRITVKGDHENDICEVTLVKSPRTDCNEVPTLHWGGKAGILLTKNKGI 
Pollen LAT52 GKYKLTVNGDHENDICEVTVVKSPREDCKESVSGYE--KARIECSDNVGI 
Pollen Zmc13 GTYTIELKDSHEEDICQVVLVASPRKDCDEVQALRD--RAGVLLTRNVGI 
 
Pollen Ole e I  SEDVRTVNPLGFEKKTPLPKCAK 
Pollen LAT52 HNAVRFANPLFFMKAESVQGCKE 
Pollen Zmc13 SDSLRPANPLGYFKDVPLPVCAA 
 
B 
Pollen Ole e I VQGKVYCDTC-RYGFVTNL-SKPLKGAVVRLECKNRENGKVTYVEEGKTD 
MG15 C-term VSGLVYCKSCNSYGVPTLLNASLLQGAVVKLIC----YGKKTMVQWATTD 
120-kD C-term IVGHVHCKSCNSRGLPTLYKASPLQGAVVKLVCHN--NARKANVQTAMTD 
TTS C-term VRGLVYCKPCKFRGVKTLNQASPLLGAVVKLVCN---NTKKTLVEQGKTD 
 
Pollen Ole e I KNGKYRITVKGDHENDI--CEVTLVKSPRTDCNEVPTLHWGGKAGIL--- 
MG15 C-term NKGEFRIMPKSLTTADVGKCKVYLVKSPNPNCN-VPTNFNGGKSGGLLKP 
120-kD C-term KNGEFVIMPMSLTRADVHKCKVYLGKSPKPICN-VPTNFNGGKSGALLKP 
TTS C-term KNGFFWIMPKLLSSGAYHKCKVFLVSSNNTYC-DVPTDYNGGKSGALLKY 
 
Pollen Ole e I -----------LTKNKGISEDVRTVNPLGFEKKTPLPKCAK 
MG15 C-term LLPPKQPITPAVVPVQPPMSDLYGVGPFIFEAS-SKMPCDK 
120-kD C-term ILPPKPHVNPGPGPVQPPMFDYHGVGPFIFEAS-SKLPCKK 
TTS C-term TPLPKPPAASSL-PVKPPTYDVFTVGPFGFEPSK-KVPCKK 
 
C 
           +-----------------------------------+ 
           | +---------------------------------|--------------------+ 
           | |         +-----------------+     |                    | 
           | |         |                 |     |                    | 
     xxxxxxCxCxxxxxxxxxCxxxxxxxxxxxxxxxxxCxxxxxCxxxxxxxxxxxxxxxxxxxxCxxxxxxx 
        
    'C': conserved cysteine involved in a disulfide bond. 
 
Figure 1. The pollen protein Ole e I family. (A) Amino acid sequence alignment of the pollen specific LAT52 
and Zmc13 proteins with the pollen Ole e I sequence. (B) Alignment of the C-terminal domains of the 
transmitting tissue specific MG15, 120-kD glycoprotein (120-kD), and TTS proteins with pollen Ole e I. Black 
boxes X indicate amino acids identical to the Ole e I sequence. Gray boxes X indicate amino acids homologous 
to the Ole e I sequence. The conserved positions of the cysteine residues are shown by C. (C) Predicted 
intramolecular disulfide bonds generated by the six conserved cysteine residues of the pollen protein Ole e I 
family (prediction by Bateman, unpublished observation). 
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Apart from the conserved cysteine residues, there is also some homology on the general 
amino acid level (~ 30% identity, ~ 45% homology). All known full-length sequences of 
proteins containing the conserved cysteine-domain contain a putative signal peptide and 
are thus most probably secreted. Based on patterns of sequence conservation the 
disulfide bonding pattern can be predicted (Figure 1C, Bateman unpublished 
observation), which suggests a similar three-dimensional structure for these conserved 
regions. The reversibility of disulfide bond formation suggests that under proper redox 
conditions some of the cysteine residues might form disulfide bonds with other 
components and thus participate in intermolecular interactions. Studies on animal 
proteins showed that cysteine-rich domains can be involved in a variety of cellular 
interactions, such as cell-adhesion and carbohydrate binding (Rattner et al., 1997; Fiete 
et al., 1998; Leteux et al., 2000; Iba et al., 2000). In tobacco, the cysteine-rich domain of 
a tyrosine- and lysine-rich cell wall protein (NtTLRP) has been shown to be sufficient to 
cross-link previously soluble proteins to the cell wall (Domingo et al., 1999). The 
observation that the stylar HRGPs, mentioned above, as well as some pollen specific 
proteins contain this conserved cysteine-rich domain, allows to speculate about related or 
overlapping biological functions for these proteins. The apparent ability of cysteine-rich 
domains to bind other molecules may suggest an involvement of the PELPIII cysteine-
motif, directly or indirectly, in pollen-pistil interactions. The cysteine-motif may aid to 
the specific accumulation of PELPIII in the secondary, callosic, wall of the pollen tubes. 
In addition, its binding capacities could alter the physiochemical properties of the pollen 
tube wall or may be responsible for the binding of other molecules that are involved in 
pollen pistil interactions. 
 
The aim of the experiments described in this thesis was to establish the biological 
function of one of the most abundant tobacco stylar IM components, the PELPIII 
proteins. The data obtained indicate that these glycoproteins themselves are not essential 
for optimal pollen tube growth and pollen tube recognition and are not essential for 
fertilization. Also a function related to the pistil defense system is not supported, 
although a more detailed study is necessary to give a conclusive statement on this. The 
experiments described did not conclusively establish the biological function of PELPIII, 
nonetheless, their specific accumulation profiles in the IM and in pollen tube walls argue 
for a direct or indirect contribution to pollen tube growth. Although the results from in 
vitro and in vivo pollen tube growth assays seem to contradict this statement, one should 
bear in mind that the experimental growth conditions could mask some particular 
circumstances that may occur in natural environments, or that it is difficult to reveal 
certain functions. The chimeric character, the unusual post-translational processing, and 
the presence of a conserved cysteine-rich motif, represent intriguing properties of the 
PELPIII proteins. Future developments in carbohydrate chemistry might aid in a better 
understanding of the biological significance of the PELPIII proteins. The availability of 
a good purification procedure encourages to perform binding studies to search for 
molecules that may interact with these glycoproteins. However, at present, the biological 
function of PELPIII is not yet understood.  
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SUMMARY 
 
Upon pollination of many Angiosperms, including the model plant used in this 
thesis, tobacco (Nicotiana tabacum), the male gametes carried by the pollen have to 
travel a long distance before they can reach the female gametophytes in the ovary. In 
order to reach the female gametophytes, the pollen extrude tubes that grow down from 
the stigma through the style into the ovary and enter the ovules where the sperm cells are 
released and fertilization takes place. The stylar growth pathway of the pollen tubes is 
confined to the intercellular matrix (IM) of the stylar transmitting tissue. This IM 
contains a variety of components, including a number of glycoproteins. Although the IM 
components are thought to function in processes such as pollen tube recognition, 
nutrition, guidance, and pistil defense, little is known about the precise function of the 
individual molecules so far. 
The class III pistil-specific extensin-like proteins (PELPIII) are specifically 
produced by the tobacco transmitting tissue, and secreted into the stylar IM. Previous 
studies have shown that pollination triggers downregulation of PELPIII transcript levels 
and that the PELPIII proteins are translocated from the IM into the walls of growing 
pollen tubes after pollination. These characteristics, together with the relative abundance 
of PELPIII proteins in the IM, favors involvement of these glycoproteins in the 
interaction between the growing pollen tubes and the pistil. This thesis describes a 
detailed functional analysis of PELPIII with respect to their presumed involvement in 
pollen-pistil interactions. 
A purification strategy for PELPIII proteins was developed based on solubility, 
charge properties, and molecular mass (Chapter 2). Analysis of purified PELPIII showed 
that these proteins, with an apparent molecular mass of 110-140 kD, have a high proline 
and hydroxyproline content and are extensively glycosylated through O-glycosidic 
linkages, and therefore belong to the family of hydroxyproline-rich glycoproteins 
(HRGPs). PELPIII proteins, encoded by the genes MG14 and MG15, are chimeric 
proteins containing an N-terminal proline-rich extensin-like domain and a non-proline 
rich C-terminal domain. Deglycosylation of PELPIII and subsequent N-terminal 
sequencing of the resulting backbones indicated a novel type of N-terminal processing of 
these proteins, of which the biological relevance remains to be solved. The outcome of 
the carbohydrate analyses, together with the ability of β-glucosyl Yariv reagent to bind 
with PELPIII showed that, besides extensin-like characteristics, these glycoproteins also 
have characteristics of arabinogalactan proteins (AGPs). Extensins are generally 
believed to function as structural proteins, and are suggested to function in wound 
healing and plant defense. They have also been suggested to function as wall-to-
membrane linkers and to interact with trans-membrane proteins. AGPs have been shown 
to be involved in a wide variety of functions, going from glues and lubricants to 
involvement in cell-cell communication and cell-matrix interactions during plant 
development.  
We designed a set of experiments to elucidate the biological function of PELPIII in 
the stylar IM. Besides the already known in vivo translocation of PELPIII into the pollen 
tube wall, we were able to show that also in vitro (with purified PELPIII in the growth 
medium) PELPIII proteins are translocated into the walls of pollen tubes (Chapter 3). 
Interestingly, PELPIII epitopes could be detected in the callosic secondary wall, but not 
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in the negatively charged pectin-rich primary wall. This specific accumulation of 
PELPIII suggests a mechanism other than diffusion and independent of the physiological 
conditions of the transmitting tract to be involved. To examine the biological relevance 
of this accumulation profile, one of the PELPIII proteins (MG15) was ectopically 
expressed in pollen tubes, using the pollen specific NTP303 promoter, and targeted to 
the tube wall (Chapter 3). The pollen tubes of the generated transgenic plants showed to 
accumulate the MG15 protein in an underglycosylated form when compared to the 
endogenous PELPIII proteins produced by the transmitting tissue. This suggests that 
some aspects of protein glycosylation are unique for this stylar tissue, and that the extend 
of glycosylation does not interfere with the accumulation pattern in the pollen tube wall. 
Immunolocalizations showed, again, specific accumulation of the PELPIII protein in the 
inner callosic sheet of the pollen tube wall. In vivo and in vitro pollen tube growth 
assays were performed to test whether the close interaction between PELPIII and the 
pollen tubes influences pollen tube growth. Both assays did not reveal significant 
differences between the growth of wild-type pollen tubes and pollen tubes expressing the 
MG15 protein.  
In addition to the gain-of-function approach mentioned in the previous paragraph, 
we also followed a loss-of-function strategy in which transgenic plants were generated 
containing highly reduced PELPIII levels in the stylar IM (Chapter 4). Expression 
analysis showed that besides PELPIII also another class of pistil-specific extensin-like 
proteins, named PELPII, was silenced. Though transmission electron microscopical 
analysis gave indications that the silencing of these two classes of PELPs cause changes 
in the aspect of the stylar IM, pistils of these plants developed normally, and seedset was 
not affected. In vivo pollen tube growth assays showed that the absence of PELPIII in 
the pollen tube growth pathway does not significantly influence pollen tube growth. Also 
in vitro growth assays (Chapter 5), in which the influence of purified PELPIII on pollen 
tube growth was examined, showed no influence of these proteins on pollen tube growth 
rate, directionality and morphology, this in contrast to the tobacco transmitting tissue 
specific (TTS) proteins that were used as a positive control.  
Despite the characteristics of PELPIII, that favor involvement of these proteins in 
pollen tube growth, the results obtained from the various pollen tube growth assays do 
not support a direct involvement of PELPIII in this growth process, although subtle 
influences cannot be excluded. 
Besides the earlier described downregulation of PELPIII transcripts upon 
congruous pollination, also incongruous pollination, in which pollen tube growth is 
arrested in the transmitting tissue, can trigger downregulation of the transcripts. The fact 
that, after pollination of immature flowers, incongruous pollen tubes grow all the way 
down to the ovary, indicates that at maturity the pistil acquires factors that block pollen 
tube growth. Because PELPIII proteins are most abundant at maturity and have been 
reported to accumulate in the tube wall of foreign pollen species, we examined a 
possible involvement of PELPIII in the incongruity response. In vivo growth assays, in 
which transgenic tobacco plants with silenced PELPIII levels were pollinated with 
incongruous pollen, revealed that the arrest of incongruous pollen tube growth was not 
altered (Chapter 4). 
Since the pistil plays a key role in plant reproduction, and the components of the 
stylar IM constitute a potentially nutritious environment for pathogens, it is of major 
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importance for the plant to have a highly effective defense system in the pistil. Microbial 
agglutinating activity has been described for some HRGPs, and extensins have been 
proposed to contribute to the mechanical strength of the cell wall, thereby possibly 
creating a barrier impenetrable to fungal hyphae. PELPIII proteins, belonging to the 
family of HRGPs and having some extensin-like characteristics, could potentially 
contribute to the pistil defense system. Fungal growth inhibition assays, in which the 
growth of a broad spectrum of different fungi was tested in the presence of various 
concentrations of purified PELPIII (Chapter 5), suggested that these glycoproteins are 
not involved in the pistil defense against invading fungal hyphae. 
The experiments described in this thesis did not conclusively establish the 
biological function of PELPIII. However, their specific accumulation and abundance in 
the stylar IM, their accumulation profile in the pollen tube walls, their chimeric 
character, the unusual post-translational processing, and the presence of a conserved 
cysteine-rich motif (Chapter 6), represent intriguing properties of these glycoproteins. 
Some possible implications of these properties are discussed in Chapter 6. The binding 
capacity of PELPIII proteins could for instance alter the physiochemical properties of the 
tube wall, or may be responsible for the binding of other molecules that are involved in 
pollen pistil interactions. However, at present, the biological function of PELPIII is not 
yet understood. 
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SAMENVATTING 
 
Nadat bestuiving heeft plaatsgevonden moeten bij vele bloeiende planten, 
waaronder de modelplant gebruikt in dit proefschrift, de tabaksplant (Nicotiana 
tabacum), de mannelijke gameten (sperma cellen) een lange afstand overbruggen 
alvorens ze de vrouwelijke gametofyt in het ovarium kunnen bereiken. Om dit te 
bewerkstelligen vormen de pollenkorrels (stuifmeelkorrels), de dragers van de 
mannelijke gameten, pollenbuizen die vanuit de stempel door de stijl naar het vrouwelijk 
vruchtbeginsel groeien alwaar ze de spermacellen vrijlaten en bevruchting kan 
plaatsvinden.  
De groei van de pollenbuizen door de stijl beperkt zich tot de intercellulaire matrix 
(IM) van het geleidend weefsel van de stijl. Deze IM bevat een verscheidenheid aan 
producten, waaronder vele glyco-eiwitten. Alhoewel de componenten aanwezig in de IM 
verondersteld worden te functioneren in processen zoals pollenbuis herkenning, voeding, 
geleiding en verdediging van de stamper, is er tot op heden weining bekend over de 
precieze functie van de individuele moleculen. 
De klasse III stamper-specifieke extensine-achtige eiwitten (PELPIII) worden 
specifiek geproduceerd in het geleidend weefsel van de tabaksplant en uitgescheiden in 
de IM van de stijl. Eerdere studies hebben laten zien dat bestuiving een daling van de 
PELPIII transcripten teweeg brengt en dat de PELPIII eiwitten getransloceerd worden 
van de IM naar de wand van de groeiende pollenbuizen. Deze eigenschappen, alsmede  
de grote hoeveelheid PELPIII in de IM, ondersteunen de betrokkenheid van deze glyco-
eiwitten in de interactie tussen de groeiende pollenbuizen en de stamper. Dit proefschrift 
beschrijft een gedetailleerde functionele studie omtrent de veronderstelde betrokkenheid 
van PELPIII in pollen-stamper interacties. 
Op basis van oplosbaarheid, ladingseigenschappen en molecuulmassa, is een 
zuiveringsstrategie ontwikkeld voor PELPIII eiwitten (Hoofdstuk 2). Analyse van 
gezuiverd PELPIII toonde aan dat deze eiwitten, met een molecuulmassa van 110 tot 140 
kD, een hoge hoeveelheid proline en hydroxyproline bevatten en dat ze omvangrijk 
geglycosyleerd zijn middels O-glycosidische verbindingen. Dit geeft aan dat PELPIII tot 
de familie van hydroxyproline-rijke glyco-eiwitten (HRGPs) behoren. PELPIII eiwitten, 
gecodeerd door de genen MG14 en MG15, zijn chimere eiwitten die een proline-rijk 
extensine-achtig N-terminaal domein bevatten en een niet-proline-rijk C-terminaal 
domein. Deglycosylatie van PELPIII en daaropvolgende analyse van de N-terminale 
aminozuurvolgorde van de resulterende eiwitruggengraten, duidde op een 
onconventionele N-terminale processing van deze eiwitten waarvan de biologische 
relevantie nog moet worden opgehelderd. De uitkomst van de suikeranalyse, samen met 
het vermogen van het β-glucosyl Yariv reagens om PELPIII te binden, liet zien dat naast 
de extensine-achtige eigenschappen, deze glyco-eiwitten ook eigenschappen hebben van 
arabinogalactaan eiwitten (AGPs). Van extensines wordt algemeen aangenomen dat ze 
functioneren als structurele eiwitten en betrokken zijn bij de heling van wonden en de 
verdediging van planten tegen pathogenen. Ze worden ook verondersteld te functioneren 
als verbindingsmoleculen tussen de celwand en het celmembraan en te interageren met 
trans-membraan eiwitten. AGPs kunnen een veelvoud aan functies vervullen: van 
plakstof en smeermiddel tot betrokkenheid in cel-cel communicatie en cel-matrix 
interacties gedurende planten ontwikkeling. 
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Er is door ons een aantal experimenten opgezet om de biologische functie van 
PELPIII in de IM van de stijl op te helderen. Naast de reeds bekende in vivo translocatie 
van PELPIII in de pollenbuiswand, waren we in staat om te laten zien dat ook in vitro 
(met gezuiverd PELPIII in het groeimedium) PELPIII eiwitten getransloceerd worden in 
de wanden van pollenbuizen (Hoofdstuk 3). Opvallend was de waarneming dat PELPIII 
epitopen konden worden gedetecteerd in de secundaire callosewand, maar niet in de 
negatief geladen pectine-rijke primaire wand. Deze specifieke accumulatie van PELPIII 
suggereert dat een mechanisme anders dan diffusie en onafhankelijk van de 
fysiologische condities van het geleidend weefsel, hierbij betrokken is. Om de 
biologische relevantie van dit accumulatie profiel te onderzoeken werd één van de 
PELPIII eiwitten (MG15), gebruikmakend van de pollen specifieke NTP303 promoter 
en het NTP303 signaalpeptide, ectopisch tot expressie gebracht in pollenbuizen en naar 
de pollenbuiswand gesluisd (Hoofdstuk 3). Het MG15 eiwit geproduceerd door de 
pollenbuizen van de gegenereerde transgene planten was minder sterk geglycosyleerd 
vergeleken met de endogene PELPIII eiwitten geproduceerd door het geleidend weefsel. 
Dit suggeert dat sommige aspecten van eiwitglycosylatie uniek zijn voor het geleidend 
weefsel en dat de mate van glycosylatie niet direct van invloed is op het accumulatie 
patroon in de pollenbuiswand. Immunolocalisaties met antilichamen specifiek gericht 
tegen PELPIII lieten wederom een specifieke accumulatie van dit PELPIII eiwit zien in 
de binnenste callose laag van de pollenbuiswand. Om te testen of de nauwe interactie 
tussen PELPIII en de pollenbuizen invloed heeft op de pollenbuisgroei werden zowel in 
vivo als in vitro pollenbuisgroei-assays uitgevoerd. Beide assays lieten geen significante 
verschillen zien tussen de groei van wild-type pollenbuizen en de pollenbuizen die het 
MG15 eiwit tot expressie brengen. 
Naast de in de vorige paragraaf besproken gewin-van-functie analyse, hebben we 
ook een verlies-van-functie aanpak gevolgd waarin transgene planten zijn gegenereerd 
die sterk verlaagde niveaus van PELPIII bezitten in de IM van de stijl (Hoofdstuk 4). 
Expressie analyses lieten zien dat naast PELPIII ook het niveau van een andere klasse 
van stamper-specifieke extensine-achtige eiwitten, PELPII genoemd, sterk was 
gereduceerd. Alhoewel analyse met de transmissie electronenmicroscoop indicaties gaf 
dat het sterk verlaagde niveau van deze twee klassen PELPs morfologische 
veranderingen in de IM van de stijl tot gevolg had, vertoonden de stampers van deze 
planten een normale ontwikkeling en was ook de zaadzetting niet beïnvloed. In vivo 
pollenbuisgroei-assays lieten zien dat de afwezigheid van PELPIII in de IM van de stijl 
geen significante invloed heeft op de groei van de pollenbuizen. Ook in vitro groei-
assays (Hoofdstuk 5), waarin het effect van gezuiverde PELPIII eiwitten op de 
pollenbuisgroei is bestudeerd, lieten geen invloed van deze eiwitten op de groeisnelheid, 
groeirichting en morfologie van pollenbuizen zien, dit in tegenstelling tot een ander eiwit 
specifiek voor het geleidend weefsel (TTS genaamd), dat als positieve controle was 
gebruikt in deze experimenten. 
Ondanks de eigenschappen van PELPIII, die betrokkenheid van deze eiwitten in 
pollenbuisgroei begunstigen, ondersteunen de resultaten behaald uit de verschillende 
groei-assays geen directe betrokkenheid van PELPIII in dit groei proces, alhoewel 
subtiele invloeden niet kunnen worden uitgesloten. 
Naast de reeds eerder genoemde verlaging van de PELPIII transcripten na 
gelijksoortige (congruente) bestuiving, kan ook ongelijksoortige (incongruente) 
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bestuiving, waarin pollenbuisgroei in het geleidend weefsel wordt geblokkeerd, 
verlaging van de transcripten induceren. Het feit dat na bestuiving van onvolwassen 
bloemen incongruente pollenbuizen helemaal naar beneden richting het ovarium kunnen 
groeien, geeft aan dat volwassen stampers factoren verkrijgen die incongruente 
pollenbuisgroei kunnen blokkeren. Omdat de PELPIII eiwitten zeer abundant zijn bij 
volwassen bloemen en bekend is dat ze kunnen accumuleren in de wand van andere 
pollen soorten, hebben we een mogelijke betrokkenheid van PELPIII in de 
incongruentie-respons onderzocht. In vivo groei-assays, waarin transgene tabaksplanten 
met sterk verlaagde niveaus van PELPIII werden bestoven met incongruente 
pollenkorrels, lieten zien dat de blokkering van incongruente pollenbuisgroei niet was 
veranderd (Hoofdstuk 4). 
Aangezien de stamper een sleutelrol vervult in de reproduktie van planten, en de 
componenten van de IM een potentiële voedingsrijke omgeving vormen voor 
pathogenen, is het van noodzakelijk belang voor de plant om de stamper te voorzien van 
een uiterst efficiënt afweersysteem. Voor sommige HRGPs is microbiële agglutinerende 
activiteit beschreven en extensines worden verondersteld bij te dragen aan de 
mechanische sterkte van de celwand, daardoor mogelijk een barrière creërend die 
ondoordringbaar is voor de hyphen van schimmels. Als lid van de familie van HRGPs en 
in het bezit zijnde van enkele extensine-achtige eigenschappen, zouden PELPIII eiwitten 
potentieel kunnen bijdragen aan het afweersysteem van de stamper. Schimmelgroei 
inhibitie-assays, waarin de groei van een breed spectrum schimmels is getest in de 
aanwezigheid van verschillende concentraties gezuiverd PELPIII (Hoofdstuk 5), 
suggereren dat deze glyco- eiwitten niet betrokken zijn bij de afweer van de stamper 
tegen schimmelinfecties. 
De experimenten die in dit proefschrift staan beschreven hebben de biologische 
functie van PELPIII niet kunnen ophelderen. De grote hoeveelheid en specificiteit van 
de accumulatie in de IM van de stijl, hun specifiek accumulatie profiel in de 
pollenbuiswanden, hun chimere karakter, hun ongebruikelijke post-translationele 
processing, en de aanwezigheid van een geconserveerd cysteine-rijk motief (Hoofdstuk 
6), vertegenwoordigen intrigerende eigenschappen van deze glyco-eiwitten. Enkele 
mogelijke implicaties van deze eigenschappen zijn bediscussieerd in hoofdstuk 6. De 
bindingscapaciteit van PELPIII eiwitten kan bijvoorbeeld de fysisch-chemische 
eigenschappen van de pollenbuiswand veranderen, of kan verantwoordelijk zijn voor de 
binding van andere moleculen betrokken bij pollen-stamper interacties. Tot op heden is 
de biologische functie van PELPIII echter nog niet bekend.    
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